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A galaxy’s angular momentum is known to be correlated with its morphology: at a
given mass, spiral galaxies have higher angular momenta than elliptical galaxies. A galaxy’s
angular momentum is also largely set by its formation history: in particular, how much gas
and the kinematic state of the gas that both accretes onto it and is expelled in galactic
outflows from AGN and supernovae. All gas inflowing to and outflowing from the galaxy
interacts with gas in the region surrounding the galaxy called the circumgalactic medium
(CGM), which means at a fundamental level, the CGM controls the angular momentum of
the galaxy. Therefore, to really understand the origins of galactic angular momentum, it
is necessary to understand the angular momentum of the CGM itself. In this dissertation,
I present a series of projects aimed at studying angular momentum in the CGM using the
Illustris and IllustrisTNG cosmological hydrodynamical simulations suites. In an appendix,
I also present a project on searching a survey of neutral hydrogen for previously undetected
ultra-faint dwarf galaxies in and around the Milky Way’s CGM.
First, to understand how present-day galaxies acquire their observed angular momentum,
I analyze the evolution of the angular momentum of Lagrangian gas mass elements as they
accrete onto dark matter halos, condense into Milky Way-scale galaxies, and join the z = 0
stellar phase of those galaxies. I find that physical feedback from the galaxy is essential
in order to produce reasonable values of galactic angular momentum, and that most of the
effects of this feedback occur in the CGM, necessitating studying the angular momentum of
the CGM itself.
Following on from this result, I then characterize the angular momentum distribution and
structure within the CGM of simulated galaxies over a much larger range of halo masses and
redshifts, with the goal of determining if there are common angular momentum properties
in CGM populations. I indeed find that the angular momentum of the CGM is larger and
better aligned around disk galaxies that themselves have high angular momentum. I also
identify rotating structures of cold gas that are generally present around galactic disks. This
clear connection of the CGM to the galaxy motivated a detailed comparison to observations
of cold CGM gas.
I perform this comparison in the following chapter where I use the highest-resolution
simulation from the IllustrisTNG suite of cosmological magneto-hydrodynamical simulations
to generate synthetic observations of cold CGM gas around star-forming galaxies in order to
study kinematics and compare them to line-of-sight observations of cold gas near comparable
galaxies. With this direct comparison to observations of the CGM, I show that IllustrisTNG
produces rotating CGM gas consistent with observations to a high degree.
In the penultimate chapter I present unpublished work where I begin to examine angular
momentum evolution in the CGM on much finer timescales than can be resolved with the
cosmological simulations I have used thus far. Preliminary results suggest that gas can
experience large changes in angular momentum very quickly, and that these changes may be
connected to corresponding changes in the temperature of the gas.
Finally, I conclude by summarizing my main results and briefly discussing what questions
still remain unanswered and my plans and strategies for pursuing these questions in my future
work.
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Chapter 1: Introduction and Background
He understood for the first time that the world is not dumb at all, but
merely waiting for someone to speak to it in a language it understands.
— Susanna Clarke, Jonathan Strange & Mr Norrell
1.1 Galaxies are a Relatively New Concept
Unlike certain topics in astronomy and astrophysics which date back many hundreds
and sometimes thousands of years, galaxies and their evolution are relatively new areas of
study, largely because the idea of a “galaxy” is a relatively new concept. Galaxies show up
in catalogs of bright objects compiled by astronomers such as Charles Messier and William
Herschel in the eighteenth and nineteenth centuries, but they were referred to as nebulae
which, at the time, was an umbrella term that described their cloud-like diffuse appearance
on the sky. Until the twentieth century, the only generally acknowledged existing galaxy was
the Milky Way, and all of these so-called “nebulae” were thought to belong to it. However,
by the early twentieth century, there were significant doubts as to whether the Andromeda
galaxy (and other objects like it) could be part of the Milky Way. This was exemplified by
the Shapley-Curtis debate in 1920 during which arguments were made for the extragalactic
nature of many “nebulae,” and by extension Andromeda’s separate status, based on many
factors; for example, the high rate of observed novae localized in Andromeda compared
to the rest of the galaxy (Trimble 1995). Edwin Hubble settled the debate shortly after
with his identification of Cepheid variable stars in Andromeda, with which he measured
a distance to it that was much beyond where the edge of the Milky Way could plausibly
be, meaning Andromeda and other objects like it were indeed their own separate galaxies.
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With the concept of a galaxy firmly established it was now possible for astronomers to ask
fundamental questions about them and develop theories for their formation.
1.2 Galaxies have Distinct Morphologies, Properties, and are Surrounded by
Dark Matter
One of the first attempts to classify galaxies came from Hubble who proposed a system
based on observed stellar morphologies where he split galaxies into two main populations:
spirals and ellipticals. Spiral galaxies generally had a flat, disky appearance and spiral arms
emanating from a central bulge or bar, whereas elliptical galaxies were more spheroidal
in shape and had no other obvious structures. This purely morphological classification
turned out to be useful as it delineated many other differences in galaxy properties as well.
For example, elliptical galaxies have older stellar populations and very little current star
formation, whereas spiral galaxies have stars with a wider range of ages and often high rates
of star formation due to the presence of cold interstellar gas which elliptical galaxies have
very little of.
Two particularly large breakthroughs on understanding spiral (or disk) galaxies occurred
in the 1970s, which made them particularly interesting objects from a dynamical perspective.
One was the identification of the Tully-Fisher relation, which is a correlation between a spiral
galaxy’s luminosity (or mass) and rotational velocity (Tully & Fisher 1977). A useful form
of this relation called the Baryonic Tully-Fisher relation is written as Mtotal ∝ v4rot and
relates the total stellar and gaseous mass in galaxies to its rotational velocity at the edge
of the disk (McGaugh et al. 2000), indicating that rotation is fundamentally important to a
disk galaxy’s growth. The same cannot be said for elliptical galaxies, which exhibit far less
ordered rotation.1
Another breakthrough was the realization that disk galaxies were rotating much faster
than one would expect based on their visible light. By measuring rotation curves of edge-
1Elliptical galaxies were however found to obey a relationship analogous to Tully-Fisher called the Faber-
Jackson relation which is a correlation between luminosity and velocity dispersion (Faber & Jackson 1976).
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on galaxies, Vera Rubin showed that rotation curves of high-luminosity spiral galaxies were
essentially flat (Rubin et al. 1978) rather than ∝ r− 12 as would be the case for a Keplerian
system (e.g. the solar system). To explain this, there had to have been substantially more
mass in the outskirts of galaxies than was visible in stars. This provided the observational
basis for a constituent of galaxies called dark matter that had been theorized to exist decades
earlier (Zwicky 1933), and which is now known to form large halos which end up surrounding
galaxies. Unlike baryonic (i.e. “normal”) matter that composes the stars and gas we can
directly observe from their emission or absorption of light, dark matter around galaxies has
only been able to be indirectly detected through its gravitational effects on baryonic matter.
Nevertheless, this indirect detection allowed astronomers to start dynamically connecting
halos to their galaxies.
1.3 Angular Momentum Describes How Galaxies and Halos Evolve and Grow
In order to describe the development of rotation in galaxies and dark matter halos, it
is necessary to define the angular momentum of these structures. In its simplest form, the
angular momentum of some point mass m is defined as the vector L = m(r×v) where r and
v are the point mass’s position and velocity in 3D space. The angular momentum magnitude
is then given by |L| = m|r||v| sin(θ) where θ is the angle between the particle’s position and
velocity vectors relative to some central point. For a large rotating structure like a galaxy







It is often more convenient to define the specific angular momentum j as the total angular




For a closed system with no loss or transfer of energy, angular momentum is a conserved
quantity, which means that deviations from some initial value over time tell us about both
the changing makeup of galaxies or halos and any possible transfer of energy between them.
Because dark matter interacts solely using the gravitational force, theorists have been
able to develop a model for how halos of dark matter could form, grow, and gain angular
momentum over time called tidal torque theory. In this theory, described in Peebles (1969),
perturbations in a nearly uniform distribution of dark matter develop, accrete more mass,
and supply torquing forces on other nearby overdensities, which causes them to spin up. An
assumption of this basic model was that galactic disks, which are accreting gaseous material
as the halos accrete dark matter, retain the same values of specific angular momentum as
those halos in which they formed (Fall & Efstathiou 1980; Mo et al. 1998). In other words,
the only difference in total angular momentum between disk galaxies and their dark matter
halos should be a factor of their relative masses.
Using both stellar light and gas kinematics, astronomers have also been able to measure
the angular momentum of galaxies themselves and found that a galaxy’s stellar mass (M∗)
is strongly correlated with its stellar specific angular momentum (j∗) in the following way:
j∗ ∝M2/3∗ , (1.3)
demonstrated in Figure 1.1. Differences in galaxy morphology also manifest themselves in
Figure 1.1, where at a given mass disk galaxies have a higher specific angular momentum than
elliptical galaxies by a factor of ∼ 5. Furthermore, the specific angular momentum values of
the disk galaxies roughly match values predicted from tidal torque theory. Put all together,
these models and observations seemed to point to a universal and largely scale-invariant
history for how disk galaxies acquire their angular momentum.
A natural desire for astronomers was then to try to generate these histories using galaxy
simulations, to test whether the assumptions of tidal torque theory held up against contin-
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Figure 1.1: A reproduction of Figure 2 from Fall & Romanowsky (2013) showing the spe-
cific angular momentum (y-axis) of disk and elliptical galaxies (blue squares and red circles
respectively) as a function of stellar mass (x-axis).
uous galaxy formation. However, early simulations suffered from an “angular momentum
catastrophe” and failed to make realistic disk galaxies. The main problem was accreting gas
very quickly collapsed to the center of galaxies due to dynamical friction, producing disks
that were too small and had much less angular momentum than they should (Navarro et al.
1995), which seemed to imply that while forming, galaxies did not simply follow the dark
matter halo’s angular momentum evolution. This problem has been solved recently with
the addition and fine-tuning of various physical feedback models to galaxies, including those
from supernovae explosions and black holes in active galactic nuclei (AGN). The cumulative
effect of these mechanisms was to raise the “present-day” (i.e. z = 0) angular momentum
of disk galaxies to their observed values (i.e. those in Figure 1.1), and modern simulations
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of individual galaxies (e.g., Grand et al. 2017) as well as modern cosmological simulations
like Magneticum Pathfinder (Teklu et al. 2015), EAGLE (Zavala et al. 2016), and Illustris
(Genel et al. 2015) now evolve and produce disk galaxies with realistic values and population
distributions of angular momentum. This means it is now a feasible question to ask how it
is that galaxy populations as a whole acquire their angular momentum.
1.4 The Circumgalactic Medium Controls Galaxy Evolution, and therefore An-
gular Momentum Evolution
The idea of gas present in the region surrounding galaxies was first presented in the 1950s
by examining absorption lines found in bright stars above the Galactic plane (Spitzer 1956).
It was then postulated that the Milky Way could be surrounded by a galactic “corona”
composed of diffuse gas observed in the absorption of these bright background light sources
which could fuel the formation of structures like spiral arms. Later observations of the spectra
of bright quasars found absorption lines which were theorized to belong to gaseous coronae
of other more distant galaxies between the quasar and the Milky Way (Bahcall & Spitzer
1969). Since then, astronomers have found absorption lines corresponding to intervening gas
in the spectra of many quasars, indicating that these coronae, now called the circumgalactic
medium (CGM), are a common feature of galaxies and dark matter halos.
By measuring absorption lines of different elements and ionization states, it is possible
to probe gas of many different phases in temperature and density. Through many quasar
absorption line surveys such as COS-Halos (Werk et al. 2014), completed with the Hubble
Space Telescope, galaxies have been found to contain substantial amounts of gas in cold,
warm, and hot phases in their CGM comparable or sometimes greater than the amount of
stellar mass observed in the galaxies (Tumlinson et al. 2017, and references therein). This
mass in the CGM can in principle have many different origins and serve many different
purposes such as fueling star formation or acting as a reservoir for gas ejected from the
galaxy by feedback. This mass may also serve all of these purposes at different times by
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Figure 1.2: A reproduction of Figure 7 from Martin et al. (2019b) showing detections of
corotating cold gas observed with Mg ii in the CGM. Corotation is most prevalent near the
major axis of the galaxy, sometimes very far out in the CGM.
participating in a so-called “cosmic baryon cycle,” whereby gas in galaxies can be ejected by
feedback from star formation or AGN, recycled in the CGM, and reaccreted onto the galaxy
at a later time (e.g., Anglés-Alcázar et al. 2017; Grand et al. 2019). The general evolution
of the mass in the CGM therefore plays a large part in determining how galaxies grow.
Of particular relevance to the question of angular momentum acquisition in galaxies is
the kinematics of circumgalactic gas. Early observations using background quasars that
probed sightlines near galaxies’ major axes showed that CGM gas located there was rotating
in the same direction as the galaxy (Barcons et al. 1995). More recent surveys have found
that sightlines in this region are much more likely to contain gas that is corotating with the
galaxy than counter-rotating with it; one example of such a survey is shown in Figure 1.2.
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These surveys generally focus on absorption lines that trace cold gas, but there has also
been work demonstrating that hotter gas can have large rotational velocities in the CGM
as well (Hodges-Kluck et al. 2016). Though it seems natural to associate these rotational
velocities in the CGM with the galaxy, measuring angular momentum in the CGM is much
trickier due to the absence of the full velocity information. Since the motion in the plane of
the sky is unknown, angular momentum can only be estimated with the velocities measured
along the line of sight. It is therefore very difficult to use these kinds of observations to
constrain the CGM’s role in evolving the angular momentum of galaxies. This necessitates
the use of galaxy simulations in order to study angular momentum of circumgalactic material
in a meaningful way.
There has been work done on the CGM in simulations with the goal of studying gas
dynamics, from zoom-in simulations of individual galaxies (e.g., El-Badry et al. 2018) to
populations of galaxies in cosmological simulations (e.g., Oppenheimer 2018) and even an-
alytic models of the CGM (e.g., Pezzulli et al. 2017). However, to date, no one has used a
cosmological simulation to create a comprehensive picture of the angular momentum within
the CGM, which is a necessary first step towards building up a robust model for how galax-
ies, and especially disk galaxies, acquire their angular momentum. With the recent successes
of cosmological simulations in reproducing observed angular momentum trends, it is now a
perfect time to study the CGM in this manner.
1.5 This Dissertation Attempts to Characterize the CGM’s role in Galactic
Angular Momentum
With the context of the previous sections, we have built up the motivation to pose the
question which is the subject of this dissertation: what is the CGM’s role in the angular
momentum evolution of disk galaxies? We present work aimed at tackling this question from
different angles in four main chapters.
In Chapter 2, we present a study of galaxies in the Illustris simulation originally published
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as DeFelippis et al. (2017). In this chapter, we follow the z = 0 stellar material of Milky
Way-mass disk galaxies back through cosmic time to when it first accretes onto the dark
matter halo as a gas particle and keep track of that material’s angular momentum over its
entire interaction with the galaxy/halo. We are able to identify common time periods during
which Illustris’ feedback model has clear effects on the angular momentum of the gaseous
material destined to make it to the galaxy, the most interesting being a period of successive
ejection/accretion cycles where gas is pushed out into the halo and later re-accretes. The
cumulative effect of this cycle is to increase the initial angular momentum the gas has while
the gas travels through the halo (i.e. the CGM).
In Chapter 3, realizing that the CGM is the location of substantial angular momentum
evolution of galactic material, we present a characterization of the angular momentum of the
CGM of a large population of galaxies in the IllustrisTNG simulation (specifically TNG100).
This chapter was originally published as DeFelippis et al. (2020). In it, we demonstrate that
high-angular momentum galaxies have higher angular momentum CGMs than low-angular
momentum galaxies at the same mass. Furthermore, we identify both cold and hot rotating
gaseous structures in the CGM that are present over a large range of masses and redshifts,
indicating that the CGM is influencing galaxies over very long periods of time.
In Chapter 4, we present a comparison of CGM observations from the MusE GAs FLOw
and Wind (MEGAFLOW) survey of absorption selected galaxy-quasar pairs to the highest
resolution version of IllustrisTNG called TNG50, which has been submitted for publication
as DeFelippis et al. (2021). This comparison was motivated by the qualitative similarity of
rotating cold gas in TNG100 found in DeFelippis et al. (2020) and inferred rotating structures
described in Zabl et al. (2019). In this chapter we perform mock observations of TNG50
using the Mg ii spectral line, which traces cold, dense gas, to compare to real observations of
Mg ii gas in the CGM of z = 1 galaxies. We find a remarkable consistency between real and
synthetic velocity spectra, indicating that CGM observations support the idea of a rotating
CGM with high angular momentum cold gas seen in cosmological simulations.
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In Chapter 5, we present preliminary results of current work to directly find the mech-
anism by which angular momentum is transported throughout the CGM, as well as what
the history and ultimate fates of the rotating Mg ii structures identified in DeFelippis et al.
(2021) are, both on short (∼Myr) and long (∼Gyr) timescales.
Finally, in Chapter 6 we summarize our results and discuss possible future directions of
this line of research. Additionally, in Appendix A, we present work originally published as
DeFelippis et al. (2019) which searches a high-resolution neutral hydrogen survey for gas-
rich satellites of the Milky Way. While not directly related to the main questions posed
in this dissertation, the analysis techniques have applications to detecting structure in the
CGM and the results could have implications for constraining properties of the Milky Way’s
circumgalactic environment.
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Chapter 2: The Impact of Galactic Winds on the Angular
Momentum of Disk Galaxies in the Illustris Simulation
There’s no reason why the simple shapes of stories can’t be fed into
computers — they are beautiful shapes.
— Kurt Vonnegut
2.1 Introduction
Understanding the origin of Hubble’s tuning fork for galaxy morphological classifica-
tion is a holy grail of galaxy formation research. It is now known that the morphological
classification of a galaxy as an early-type or late-type is strongly correlated with a basic
dynamical quantity – its specific angular momentum content, namely angular momentum
per unit stellar mass (Fall 1983; Romanowsky & Fall 2012; Obreschkow & Glazebrook 2014;
Cortese et al. 2016). This quantity scales with galaxy stellar mass, with two nearly parallel
relations existing for late-type galaxies and early-type galaxies, the former having approx-
imately five times as much angular momentum as the latter at a given stellar mass (Fall
& Romanowsky 2013). In fact, the angular momentum of a galaxy may well be the more
fundamental parameter that is actually driving its morphology. This possibility is receiving
increasing attention and scrutiny in recent years thanks to increasingly complete and accu-
rate measurements of galaxy angular momentum content (e.g., Burkert et al. 2016; Contini
et al. 2016; Swinbank et al. 2017; Harrison et al. 2017), which are much more laborious than
those of galaxy morphology. Hence, understanding the origin of galaxy angular momentum
will represent a major advance in our understanding of galaxy formation as a whole.
The tight scaling relation between specific angular momentum and stellar mass can be
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combined with empirical models connecting galaxies to dark matter halos, and with the
properties of halos from theory or simulations, to make a statistical connection between the
angular momentum contents of galaxies and those of halos. The conclusion from such exer-
cises is that galactic disks have approximately the same values of specific angular momentum
as do their host halos (e.g., Zavala et al. 2008; Sokołowska et al. 2017). It is this fact that
allows analytical and semi-analytical models that build upon ΛCDM hierarchical formation
to succeed in reproducing various disk galaxy scaling relations provided that they make a
simple assumption: that the angular momentum obtained by dark matter halos from cosmo-
logical tidal torques is effectively “retained” by the baryons that fall from the circumgalactic
medium (CGM) into the centers of those halos where they form the stellar bodies of galaxies
(Fall & Efstathiou 1980; Mo et al. 1998).
This simple assumption, “angular momentum retention,” has, however, historically not
been born out in more detailed dynamical models, namely cosmological hydrodynamical
simulations. In those simulations, baryons tended to lose the lion’s share of the angular
momentum they acquired in the intergalactic medium before virial collapse, resulting in
unrealistically small galaxies (Navarro et al. 1995). Very recently, however, this situation has
changed, with the advent of more accurate solvers (Sijacki et al. 2012), increased resolution
(Governato et al. 2004), and the introduction of strong galactic winds in the models (Sommer-
Larsen et al. 1999; Maller & Dekel 2002). A number of groups have managed to form
galactic disks with realistic properties, including size and angular momentum content, in
“zoom-in” cosmological simulations (e.g., Grand et al. 2017). Moreover, with the increase in
computing power, very recent simulations followed large cosmological volumes that contain
up to hundreds of massive disk galaxies, and found realistic angular momentum contents
not only in a handful of galaxies, but in galaxy populations (e.g., Teklu et al. 2015). In
particular, they are able to reproduce the parallel scaling relations of angular momentum
versus stellar mass displayed by observed early-type and late-type galaxies (Zavala et al.
2016). These advances open the door to detailed studies that will elucidate the nature of
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angular momentum evolution in a fully (hydro)dynamical cosmological context (e.g., Stevens
et al. 2017; Penoyre et al. 2017; Lagos et al. 2018).
In this chapter we focus on the high degree of angular momentum retention of galactic
disks. The starting point for this study is the result of Genel et al. (2015) that (1) the popu-
lation of late-type galaxies in the Illustris simulation has a similar mean angular momentum
content to the mean of both their own dark matter halos and observed late-type galaxies,
and (2) galactic angular momenta are lower by a factor of a few when galactic winds are
turned off. The specific scope of this chapter is to describe in what way the galactic winds in
the Illustris simulation change the angular momentum evolution of the baryons that make
up the stellar components of z = 0 late-type galaxies at the Milky Way mass scale.
Several ways in which galactic winds may increase the final angular momentum content
of a galaxy have been identified in “zoom-in” simulations. First, galactic winds in these
simulations preferentially remove gas that has lower specific angular momentum than the
mean, hence continuously increasing the mean specific angular momentum of the remaining
gas, and consequentially of newly-born stars (Governato et al. 2010; Brook et al. 2011;
Okamoto 2013; Agertz & Kravtsov 2016). Second, some fraction of the gas ejected into a
galactic wind has been found to fall back to the galaxy (“galactic/halo fountain”) with higher
angular momentum than that with which it left the galaxy (Brook et al. 2012; Übler et al.
2014; Christensen et al. 2016). Third, in the presence of feedback, galaxies are more gas rich
than without feedback and hence baryons lose less angular momentum during galaxy mergers
(Brook et al. 2004; Springel & Hernquist 2005; Robertson et al. 2006; Hopkins et al. 2009).
The emerging picture from these works is qualitatively consistent, which is encouraging given
that they were based on different hydrodynamics codes, feedback schemes, and mass scales.
However, these differences, as well as the small number of isolated galaxies included in these
analyses, imply that no comprehensive, detailed, and quantitatively consistent picture exists
as of yet.
The main focus of the present work is a quantification of the changes that the angular
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momenta of baryons comprising the stars in late-type galaxies undergo between the time
they entered their host halos and z = 0. We define several distinct “events” in the evolution
of every baryonic mass element and divide this full time period into several intervals using
these events. We then compare the angular momentum evolution during those intervals
between the Illustris simulation and a similar simulation run without galactic winds. This
study focuses on providing answers to “when,” “where,” and “how much,” setting the stage
for future studies of the “how” and “why.”
With respect to the existing literature on this topic, the tools used in this work are unique
in two aspects. First, it is based on a large population of simulated galaxies in a simulation
that reproduces observed angular momentum relations (Genel et al. 2015) as well as many
other properties of galaxy populations (Vogelsberger et al. 2014b; Genel et al. 2014; Torrey
et al. 2014). Second, it employs a Lagrangian analysis in a simulation based on a mesh code,
using tracer particles, while previous Lagrangian analyses on this topic have all been based
on Smoothed Particle Hydrodynamics (SPH) (e.g., Zavala et al. 2016).
This chapter is organized as follows. In Section 2.2 we describe the simulations and our
analysis methodologies. In Section 2.3 we present the evolution of angular momentum and
contrast the two types of simulations, with and without galactic winds. Section 2.3.2 is the
main results section and Figure 2.3 presents its key plot. In Section 2.4 we discuss our results
within a broader context and summarize them.
2.2 Methods
2.2.1 Simulations
We use the Illustris-2 simulation (Genel et al. 2014; Vogelsberger et al. 2014b,a) of a
(106.5 Mpc)3 volume, as well as a “No-Feedback” simulation of a (35.5 Mpc)3 volume, both
evolved with a WMAP-9 ΛCDM cosmology (Hinshaw et al. 2013) down to z = 0 using the
moving-mesh code AREPO (Springel 2010). The former is initialized with 9103 dark matter
and baryonic resolution elements, and the latter with 2563, implying that they have similar
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resolutions in space (∼ kpc) and mass (∼ (1−2)×107 M baryonic; ∼ (5−10)×107 M for
dark matter). Both simulations include gas cooling and stochastic star formation, but only
Illustris-2 (hereafter “Illustris”) has feedback in the form of star formation-driven galactic
winds, as well as black hole formation and evolution (Vogelsberger et al. 2013), rendering
No-Feedback very similar to the simulations in Vogelsberger et al. (2012). For the purposes of
this work, and in particular with regards to angular momentum, the results at this resolution
level are converged well enough with respect to the higher-resolution Illustris-1 simulation
and its no-feedback analogue (for detailed resolution studies see Vogelsberger et al. 2012,
2013; Genel et al. 2015).
The implementation of galactic winds in Illustris closely follow the technique introduced
in Springel & Hernquist (2003). Wind particles are launched stochastically directly from
the star-forming gas with prescribed velocities and mass-loading factors that depend on the
local dark matter velocity dispersion around the star-forming cells, which itself closely follows
the local gravitational potential. The wind ejection velocities are set to be larger than the
escape velocity from the galaxy but typically smaller than the escape velocity from the host
halo, such that wind particles typically reach maximum distances that are comparable to
but smaller than the virial radii of their host halos. The mass-loading factors are derived
from the wind velocity such that the kinetic energy associated with the ejections per unit
star-formation rate is a constant that corresponds to ≈ 3 × 1051 erg per supernova. This
results in mass-loading factors that are typically greater than unity, and on the order of 5 for
galaxies around the Milky Way mass, as is commonly employed in cosmological simulations
with comparable resolution to Illustris (Zahid et al. 2014)1. The wind particles are first
decoupled from hydrodynamical forces and move ballistically to allow them to escape the
galaxies, and are recoupled to the gas after either a short amount of time or when they
1These mass-loading factors are high compared to direct observational estimates, however they should
not be compared at face value. Beyond the large uncertainties on observational mass-loading measurements,
they are measured at a distance from the disk while the simulated mass-loading factors apply directly at the
ejection from the disk. A robust comparison of mass-loading factors between simulations and observations
is beyond the scope of this work.
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reach a low density region. The direction of the momentum kick given to a wind particle is
perpendicular to both the velocity and the acceleration of the star-forming cell from which it
is launched with respect to the galaxy center. All these various aspects of the implementation
and the numerical values of the adjustable parameters were set with the aim of approximately
reproducing the stellar mass function of galaxies at z = 0 and the global history of cosmic
star-formation density. No aspect of the angular momentum of galaxies was tuned for.
Halos are found with the friends-of-friends algorithm (FOF, Davis et al. 1985). FOF halos
may have general shapes and their boundaries roughly trace a constant density contour
such that their mean density corresponds roughly to 200 times the mean cosmic matter
density (for relations between halo definition and angular momentum, see e.g., Zjupa &
Springel 2017). Galaxies are identified using the SUBFIND algorithm (Springel et al. 2001).
These are gravitationally bound objects constructed around density peaks. We define a
“galaxy” as the collection of all stellar particles, as well as gas particles with a density above
0.13 cm−3 – referred to as “star-forming gas,” inside any given SUBFIND object. The data
from each simulation include 136 snapshots and corresponding group catalogs, providing a
time resolution of the order of 100 Myr.
We utilize a Lagrangian point of view for the evolution of angular momentum, meaning
that we are interested in the angular momentum histories of unique baryonic mass elements
as they travel across cosmic time from the uniform initial conditions through the cosmic web
into dark matter halos and finally into the galaxies where they reside at the present epoch.
To perform a Lagrangian analysis in a mesh-based code like AREPO requires using tracer
particles, since the hydrodynamical cells represent a discretization of space, not of mass.
These are implemented using the Monte Carlo method introduced in Genel et al. (2013),
where each tracer belongs at any given time to a certain baryonic resolution element (in-
cluding gas cells, stellar and black hole particles, as well as wind particles). These “passive”
tracers carry only their identity throughout the simulation, and no mass, however they do
continuously record certain properties of the cells they belong to. For example, a property
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that we use in this work is the “wind-counter” each tracer stores, which increases by unity
every time that tracer is incorporated into the galactic wind. Following the Lagrangian evo-
lution of the angular momentum of certain z = 0 galaxies means following back in time the
tracers associated with the “active” baryonic elements comprising those galaxies.
2.2.2 Analysis
The main analysis tool we present in the next section is relationships between the angular
momentum values of individual tracers at particular “events” in their evolution history.
Generally, for each tracer each of these events occurs at a different cosmic time. We make
direct comparisons of identical event types between Illustris and No-Feedback, and also
examine certain types of events that only occur in Illustris, namely those related to the
galactic winds. The events are illustrated in Figure 2.1 and defined as follows.
(1) Accretion onto the main halo: the snapshot when a tracer first becomes part of the
FOF halo that is on the main progenitor branch of the FOF halo it ends up in at z = 0.
(2) First (last) star-forming gas: the snapshot when a tracer is first (last) recorded en-
tering the star-forming gas phase, namely crossing from below a density threshold of
0.13 cm−3.
(3) First (last) ejection: the snapshot when a tracer is first (last) recorded switching from
a gas cell to a wind particle (only defined for Illustris).
(4) Star-formation: the snapshot when a tracer is last recorded changing from a gas cell
or wind particle to a stellar particle.
(5) z = 0 star: the final snapshot in the simulation (defined only for tracers that belong
to the stellar component at that time).
All tracers that belong to a stellar particle at z = 0 are included in the analysis (which
















Figure 2.1: A cartoon illustrating the various “events” in the evolution of a tracer particle
that are considered in this work. These are (i) halo accretion, (ii) first/last becoming part of
the star-forming phase, (iii) first/last ejection into the wind, (iv) becoming part of the stellar
phase, (v) z = 0. In addition, certain intervals between these events that are addressed by
particular figures are marked as such.
galaxy while already belonging to a star particle. This latter criterion excludes “ex-situ”
stars, which are not directly affected by the winds and are therefore left outside the scope
of this chapter. This removes 10% of the z = 0 stars in Illustris and 40% in No-Feedback.
For those tracers that are included in the analysis, we exclude events – except accretion onto
the halo – that occur while a tracer is contained in a satellite galaxy. This is because as the
angular momentum of these tracers with respect to the main progenitor galaxy is dominated
by the orbital angular momentum of the satellite and hence not meaningful for our purposes.
In other words, the starting point for the events above in the time line of each tracer is the
time it becomes part of the main progenitor halo. The “accretion onto the main halo” event
is the exception, as it is considered also for tracers that accrete as part of a satellite.
To calculate the specific angular momentum of a particle, we define a center of rotation
as the minimum of the potential well of its host galaxy (Genel et al. 2015). To do this at all
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simulation snapshots, we use the SUBLINK merger trees (Rodriguez-Gomez et al. 2015) to
find the main progenitor branch of the z = 0 galaxy and calculate the angular momentum of
all particles with respect to the main progenitor, regardless of whether the particles already
belong to that main progenitor or are yet to be accreted onto it. We also define the reference
frame for the angular momentum calculation as having the velocity of the center of mass of
the main progenitor, and specifically of all the stars and star-forming gas present in the main
progenitor galaxy. Then, we calculate the specific angular momentum of a tracer particle i
as follows:
ji = (ri − rminpot)× (vi − vCOM). (2.1)
To compute the total angular momentum of a galaxy we sum the angular momenta of the







As the angular momentum is a (pseudo-)vector, the magnitude of the sum and the sum of
the magnitudes are different quantities, when looking at many tracers together. In the next
section, we find both quantities to be informative, as well as the comparison between them.
We define the level of self-alignment of a population of tracers as the ratio of these quantities,
A = |
∑ ji|∑ |ji| . (2.3)
If all vectors of a particular tracer population cancel each other out, the self-alignment is
A = 0, while if they all have the same direction, the self-alignment equals A = 1.
When calculating the vector sum across different galaxies, one has to take into account
the fact that each galaxy is in general oriented in a different direction in the simulation box,
such that simply summing different galaxies together will necessarily lead to a meaningless
vector cancellation. Hence, for the purpose of summing up individual tracer vectors across
2This is a simple rather than a weighted average because all tracer particles represent equal masses. It is
not an exact value due to the Monte Carlo noise in the number of tracers per cell (see Genel et al. 2013), but
for our galaxies of interest, with tens of thousands of resolution elements, this is an excellent approximation.
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many galaxies, each ji at any particular event is measured as in Equation 2.1 but in a
reference frame that is rotated such that the z axis points in the direction of jgal of the
galaxy hosting the tracer at the time of that event.
In order to focus the scope of the chapter, we select central galaxies at the MilkyWay mass
scale, namely with virial masses (Bryan & Norman 1997) in the ranges 1012.1 < Mh[ M] <
1012.2 and 1011.65 < Mh[ M] < 1012.65 for Illustris and No-Feedback respectively. The mass
range used for No-Feedback is larger, given its smaller cosmic volume, as these bins are chosen
to follow an equal total number of tracers in each simulation, ≈ 106. This selection results
in 278 galaxies in Illustris and 140 galaxies in No-Feedback. In order to further narrow our
focus to disk galaxies, we consider only the galaxies that are at the high-tail of the angular
momentum distribution, which correspond to disks both from observations (Romanowsky
& Fall 2012) and in Illustris (Genel et al. 2015). Specifically, we select the 25% of central
galaxies with the highest stellar angular momentum at z = 0 in both simulations.
2.3 Results
2.3.1 The Overall Picture from Accretion onto Halos to z = 0
In Figure 2.2 we present the joint, two-dimensional distributions of the magnitudes of
the specific angular momentum vectors of individual tracers at two distinct events, both for
Illustris (left) and No-Feedback (middle). For each simulation, the tracers included in these
distributions are all those that are part of the stellar component of z = 0 galaxies selected as
described in Section 2.2. The vertical axes represent the angular momentum of each tracer
at a fixed cosmological time, z = 0. The horizontal axes represent the angular momentum
at the time of accretion onto the halo (which occurs in general at different times for different
tracers). The striking difference between the two simulations on the vertical axis is in essence
the result of Genel et al. (2015) that in a simulation without feedback, galaxies at z = 0 have
≈ 0.5 dex lower angular momentum content. This is the result that motivates this work. The
difference between the two simulations on the horizontal axis is much milder. This suggests
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Figure 2.2: Joint (left and middle) and one-dimensional (right) probability distributions of
angular momentum magnitudes of stellar tracers at z = 0 (vertical axes) and those same
tracers as gas at their time of accretion onto the host halo (horizontal axes). The units
indicated by the color bars are of probability per dex2. The diagonal dashed lines indicate
the 1:1 relation. The cross indicates the median angular momentum at both events. In both
simulations, an overall average loss of angular momentum is evident, but to a much larger
degree in the simulation without feedback (0.65 dex; middle) than in Illustris (0.23 dex; left).
that most of the difference represented on the vertical axis develops in between these two
events, namely inside halos, rather than before the accretion onto them. In Section 2.3.2
and the following figures (as indicated in Figure 2.1), we will break this typically long time
interval between accretion onto the halo and z = 0 into sub-intervals and examine each of
them separately, which will constitute the main results. The difference on the horizontal
axis that represents the earliest event considered in our main analysis is not zero, and we
will return to it in Section 2.3.3, but it is mild, representing a similar starting point to the
main analysis between the two simulations.
Examining each panel in Figure 2.2 by itself, it is worth noting that in Illustris the
magnitudes of specific angular momentum loss (around the peak of the distribution, where
most tracers are located) between accretion and z = 0 range between ≈ 0 − 1 dex, and in
No-Feedback the corresponding losses are ≈ 0.5 − 2 dex. Put more precisely, we find that
the sum of the angular momentum magnitudes at z = 0 is lower than the sum of angular
momentum magnitudes at halo accretion time by 0.57 dex in Illustris and by as much as
1.04 dex in No-Feedback. Additionally, in both panels, the peak of the distribution occupies
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a locus that is significantly shallower than the 1:1 relation. This means that gas accreted
onto the halo with high angular momentum tends to lose by z = 0 a larger fraction of that
angular momentum compared with gas that was accreted with lower angular momentum in
the first place.
The sum of vector magnitudes does not tell the full story, however. If instead we examine
the magnitudes of the vector sums on each of the axes in Figure 2.2, we find that the
difference between z = 0 and halo accretion time is only 0.23 dex in Illustris and 0.65 dex in
No-Feedback. That these numbers are smaller than the differences of the magnitude sums
(0.57 dex and 1.04 dex respectively, as reported in the previous paragraph) means that the
individual vectors are significantly more aligned at z = 0 than at the halo accretion time.
This by itself is easy to understand as a result of angular momentum cancellation. The
angular momentum magnitudes of individual tracers drop by a combination of: (1) transport
of angular momentum to other, potentially both baryonic and dark matter, components
(which accounts for the decrease of the magnitude of the vector sum), and (2) cancellation
with other baryons that end up in the z = 0 galaxy but have been accreted with different
angular momentum directions (which does not change the magnitude of the vector sum).
To summarize, in terms of the magnitude of the total specific angular momentum vector,
baryons experience a significant angular momentum loss between the time when they are
accreted onto halos and z = 0 in the no-feedback simulation (0.65 dex), an effective loss that
is much smaller in the Illustris simulation (0.23 dex). In the following sub-section we break
this difference to smaller intervals in order to gain insight into its nature and origin.
2.3.2 The Evolution between Various Events
Figure 2.3 shows a quantitative summary of the results presented in this section for the
convenience of the reader. The horizontal axis represents the sequence of events defined
in Section 2.2.2 and Figure 2.1, with the events discussed in Section 2.3.1 and Figure 2.2
shown as the initial and final points. The vertical axis represents the difference in angular
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Figure 2.3: The average angular momentum loss of tracers at events defined in Sec. 2.2.2
relative to their accretion value for Illustris (blue/cyan) and No-Feedback (red/pink). Solid
lines in dark color show the magnitude of the vector sum, while dashed lines in light color
show the mean magnitude. The dark-shaded regions are the 1σ spread of relative losses
among different galaxies. The 1σ spreads of the relative losses of each individual tracer are
∼ 1 dex and are not shown for clarity.
momenta, in logarithmic space, relative to the starting point of accretion onto the halo. The
nearly-monotonic loss of mean angular momentum in No-Feedback (red) and non-monotonic
evolution in Illustris (blue) are shown in more detail in the following Figures 2.4 through
2.8.
In Figure 2.4 the horizontal axes show the same quantity as the horizontal axes in Figure
2.2, namely the angular momentum at the time of halo accretion. The vertical axes show the
angular momentum magnitude of each tracer at the time it first crosses the density threshold
for star-formation, i.e., when it first becomes part of the star-forming phase, inside the main
progenitor galaxy. This time interval represents the first “halo crossing” from the outskirts
to the central part of the halo, and is marked in green in Figure 2.1. The difference between
23


























































Figure 2.4: Joint and one-dimensional probability distributions of angular momentum mag-
nitudes of tracers as they first cross the star-formation density threshold (vertical axes) and
at accretion onto the host halo (horizontal axes). The No-Feedback plot (middle) resembles
its counterpart in Figure 2.2 but translated up ∼ 0.4 dex on the vertical axis, meaning that
only a fraction of the loss seen in Figure 2.2 occurs before crossing the star-formation density
threshold. The positive slope in the Illustris plot (left), when compared to the flatter one in
Figure 2.2, indicates that tracers accreted with log(j) ∼ 3.5 lose some angular momentum
before crossing the star-formation density threshold and then re-gain it by z = 0, while
tracers accreted with log(j) ∼ 4 already have here their z = 0 value.
the two simulations is again significant. In Illustris, there is a clear correlation between the
angular momentum at the two events. From Figure 2.4 we read off an approximately constant
degree of loss of ≈ (0.5± 0.2) dex, which amounts to an overall loss during this first passage
through the halo of 0.68 dex in the magnitude sum and 0.37 dex in the magnitude of the
vector sum (again indicating that some angular momentum cancellation occurs between the
virial radius and the galaxy itself). In No-Feedback, on the other hand, the relation is much
shallower than the 1:1 relation, amounting to an overall loss of 0.91 dex in the magnitude
sum and 0.49 dex in the magnitude of the vector sum.
That the difference between these two sum measures is larger in No-Feedback (0.91 −
0.49 = 0.42 dex) than in Illustris (0.68− 0.37 = 0.31 dex) means that there is more angular
momentum cancellation in No-Feedback. We find that this originates primarily in a lower
level of self-alignment (see Equation 2.3) in No-Feedback at the time of halo accretion,
AaccNo−FB = 0.24 compared with AaccIllustris = 0.36, rather than in self-alignment differences at
the time of crossing the star-formation threshold, ASFNo−FB = 0.62 and ASFIll = 0.73. One might
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hypothesize that a lower level of self-alignment is a result of a wider distribution of accretion
times in No-Feedback; however, the distribution of accretion times is similar between the two
simulations (Figure 2.10), implying a different origin. This is discussed further in Section
2.3.3.
To summarize the time interval shown in Figure 2.4, in terms of the magnitude of the
total specific angular momentum vector, the loss is rather large in both simulations and not
dissimilar, namely 0.37 dex in Illustris and 0.49 dex in No-Feedback. Comparing these num-
bers to those quoted in Section 2.3.1 based on Figure 2.2 (0.23 dex and 0.65 dex respectively),
we conclude that losses during the first passage through the halo represent roughly three-
quarters of the total loss experienced in No-Feedback by z = 0. In contrast, in Illustris we
expect to find a time interval that occurs after the first crossing of the star-formation thresh-
old during which almost half of the losses incurred before that crossing are counteracted.
This is indeed shown in the next two figures.
Figure 2.5 presents the joint angular momentum magnitude distribution at the last time,
versus the first time, tracers join the star-forming phase in the main progenitor of their
z = 0 galaxy, and is marked in red in Figure 2.1. We begin with a discussion of Illustris,
where this includes the full time a tracer is in the galactic fountain during which it typically
goes out of the galaxy, and falls back in, several times (only ≈ 20% of the tracers join the
star-forming phase only once). Figure 2.5 shows that the angular momentum magnitude at
the end of this cycle is typically higher than at its beginning, more so for tracers that have
low angular momentum magnitudes at the first time they join the star-forming phase. Over
the whole tracer population, the mean magnitude increase is 0.09 dex, and the magnitude of
the vector sum increases by 0.16 dex. This latter gain undoes almost half of the loss that is
incurred between halo accretion and arrival at the galaxy (Figure 2.4(a)), and its origin will
be discussed further in relation to Figure 2.6.
Before that, we discuss No-Feedback during the Figure 2.5 interval. In contrast to Il-
lustris, it shows some overall loss of 0.1 dex in both mean magnitude and the magnitude of
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Figure 2.5: Joint and one-dimensional probability distributions of angular momentum mag-
nitudes of tracers as they first cross the star-formation density threshold (horizontal axes;
the same quantity as on the vertical axes in Figure 2.4) and at the last time they do so
(vertical axes). In Illustris (left), gas with lower angular momentum at the first crossing
preferentially gains more angular momentum between these two events, namely during its
participation in the “galactic wind fountain,” compared with gas starting out with higher
values. In No-Feedback (middle), there is a mild tendency to lose angular momentum be-
tween the two events, which however, in the absence of winds, do not represent a galactic
fountain but instead “dynamical ejections.”
the vector sum. It is important to remember that in No-Feedback, about half of the tracers
actually never leave the star-forming phase after they join it, hence the “first” and “last”
times they do so are in fact the same event. In Figure 2.5 we do not show these tracers,
which by definition would lie on the 1:1 line. For the No-Feedback tracers for which these
are indeed distinct events, the physical reason is very different from the typical case in Illus-
tris. In No-Feedback, a tracer may leave the star-forming phase primarily for “dynamical”
reasons, which occur naturally in the simulation and are not imposed as part of the sub-grid
physics as is the case for wind ejections in Illustris. These dynamical reasons include for
example tidal ejections during galaxy mergers and temporal density fluctuations around the
star-formation density threshold due to weaker disturbances. The angular momentum loss
occurring between these two events in No-Feedback is not negligible but is small compared
to the losses incurred earlier and later, as shown in Figures 2.4(b) and 2.7(b), respectively.
Returning to Illustris, the period analyzed in Figure 2.5(a) includes both times when
the tracer is in the star-forming phase and times in which it is outside of the galaxy in the
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Figure 2.6: Joint probability distributions of angular momentum magnitudes of tracers in
Illustris immediately before they are last recorded ejected in the wind (horizontal axes) and
at three subsequent times on the vertical axes: immediately after that ejection (left); the
end of the ejection, defined as the snapshot before coming back to the star-forming phase
(right); and the time with the largest recorded angular momentum in between these two
times (middle). During the ejection, tracers tend to gain angular momentum, especially
those that have a low value before ejection, but by the time they return to the galaxy, the
angular momentum largely returns to its pre-ejection value. The same holds when examining
the distributions before, during, and after the first ejection, though the spread is larger.
“circumgalactic fountain.” The latter can be further broken down into times when the tracer
belongs to a collisionless “wind particle” moving away from the galaxy, later times when it
has recoupled to the normal gas phase and may be still moving away from the galaxy, and
times when it is falling back toward the galaxy on its way to join the star-forming phase
again. It is important to understand where the overall gains of 0.16 dex associated with this
full period occur. Figure 2.6 hence focuses on the last of possibly multiple “circumgalactic
cycles” that each tracer goes through. The horizontal axis of each panel represents the same
event: the time just before the last ejection into a wind (marked as the “later” (iii) in Figure
2.1). The vertical axes show three subsequent events in chronological order: the very first
snapshot after that same ejection event (Figure 2.6(a)); the maximum angular momentum
the tracer has during that cycle through the halo before coming back to the galaxy (Figure
2.6(b)); and the first snapshot after the tracer returns to the galaxy (namely either in the
star-forming phase or directly as a star; Figure 2.6(c)).
Figure 2.6(a) shows that the angular momentum magnitudes of individual tracers increase
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between the two adjacent snapshots bracketing a wind ejection event. This is understandable,
as a wind ejection implies an imposed momentum kick that increases the velocity of the tracer
almost to the halo escape velocity. However, since these kicks are equally directed either
“upward” or “downward” from the galaxy, they do not change the vector sum of the angular
momentum of a population of ejected tracers. Indeed, we find that the vector sum between
the two events shown in Figure 2.6(a) changes by only 0.04 dex (and in fact in the opposite
direction, i.e., it decreases). In other words, the momentum kicks associated with the wind
ejection model itself do not change the overall angular momentum content of the tracers that
enter the wind.
However during the time tracers spend in the CGM following their ejection (Figure
2.6(b)), they gain significant angular momentum. When each tracer is considered at the
time its angular momentum magnitude is maximal between the ejection and the next time
it appears in the central galaxy, the sum of magnitudes is 0.29 dex higher than it is right
before the ejection, and the magnitude of the vector sum is 0.2 dex higher. The gains are
particularly high for tracers that had lower angular momentum at the time they were ejected.
Nevertheless, by the time tracers come back to the galaxy (Figure 2.6(c)), they return with
angular momentum magnitudes that are on average essentially identical to those they had
before the ejection (within the error on the mean, ∼ 0.01 dex, but some considerable spread),
and a vector sum that is larger by 0.04 dex.
In other words, a single cycle through the halo results in a net small degree of increased
alignment between the tracers compared to the time before their ejection into the wind.
Since in our galaxies of interest tracers go typically through several such cycles, this result
ties well to the result discussed around Figure 2.5(a) that the full baryonic cycle in Illustris
induces a 0.16 dex increase in net angular momentum.
Continuing forward in the tracers’ evolution, Figure 2.7 starts on the horizontal axes with
the angular momentum at the last time tracers join the star-forming phase, and ends with
the time they are converted to the stellar phase on the vertical axes. Namely, it pertains
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Figure 2.7: Joint and one-dimensional probability distributions of angular momentum mag-
nitudes of tracers at the last time they cross the star-formation density threshold (horizontal
axes; the same quantity as on the vertical axes in Figure 2.5) and at the last time they
are converted from the gas phase to the stellar component (vertical axes). More so than
any other period, these events in Illustris (left) are strongly correlated, while the tracers in
No-Feedback still lose angular momentum by as much as 0.5 dex during their time in the
star-forming phase before they are converted to stars.
to evolution occurring within the galaxy, after all the evolution that occurs out in the halo.
The two simulations again differ significantly. Illustris shows a tight correlation around the
identity relation between the angular momenta at these times. In contrast, No-Feedback
shows clear losses amounting to 0.14 dex for both the sum of magnitudes and the magnitude
of the vector sum. Since the time tracers spend in the star-forming gas phase before forming
stars is not very different between the two simulations, this result indicates that the presence
of the galactic winds is changing the structure of galaxies in such a way that prevents the
torques that exist otherwise and lead to angular momentum loss of the star-forming gas.
Finally in this sequence of events, we find the tightest correlation between the angular
momentum tracers have at their time of star-formation and at z = 0, shown in Figure 2.8.
In Illustris, the stellar component experiences a minor gain of 0.03 dex in magnitude but
essentially no change in the vector sum while in No-Feedback there is a small overall gain of
0.08 dex in both magnitude and vector sums.
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Figure 2.8: Joint and one-dimensional probability distributions of angular momentum mag-
nitudes of tracers at the last time they are converted from the gas phase to the stellar
component (horizontal axes; the same quantity as on the vertical axes in Figure 2.7) and as
stars at z = 0 (vertical axes). The two events are strongly correlated in both Illustris (left)
and No-Feedback (middle), but the stellar component in No-Feedback experiences angular
momentum gains of 0.08 dex compared to a negligible change in the stellar component of
Illustris.
2.3.3 The Angular Momentum Selection Bias at Halo Accretion
After characterizing the angular momentum evolution inside halos, here we make several
notes regarding the angular momentum differences between the simulations at the start-
ing point of the preceding discussion, namely at the time baryons accrete onto the main
progenitors of their z = 0 host halos.
First, we make use of a third simulation, which we dub the “Feedback” simulation, that
has identical initial conditions to No-Feedback, but the same subgrid models and parameter
choices as Illustris. The tracers in this simulation can be compared on a one-to-one basis
with the tracers in the No-Feedback simulation, as they have the same initial conditions.
From this “Feedback” simulation, we select all z = 0 stars from halos within the same
mass range used for No-Feedback in the preceding analysis, identify those same individual
tracers in No-Feedback, and compare their angular momentum at accretion between the two
simulations3. We find that both the vector and magnitude sums of the angular momentum
3For direct comparison of stellar angular momentum, we exclude any of those tracers that are not stars
by z = 0 in No-Feedback, but this does not affect the numerical outcome.
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Figure 2.9: Angular momentum magnitude probability density of tracers at their accretion
time onto the main progenitor branch of their z = 0 halo. For each simulation, the full tracer
population that are in z = 0 stars (solid) is split between those that were present at some
point in the main galaxy as gas (dashed), and those that became a star already in a satellite
galaxy and hence accreted to the main galaxy in stellar form (dotted). Stellar accretion
typically has higher angular momentum, and it is far more significant in No-Feedback (red)
than in Illustris (blue).
at accretion of this identical set of tracers are equal between the two simulations. Namely,
the addition of feedback does not modify the angular momentum value at halo accretion in
Lagrangian space.
This contrasts with a comparison made when in each simulation tracers are selected
independently as in Section 2.2.2. Figure 2.9 shows the angular momentum distributions of
z = 0 stars at the time of accretion (solid), divided into the component that appears as gas
in the main galaxy (dashed; the same as the distributions on the horizontal axes in Figures
2.2 and 2.4) and the component that enters the main galaxy already as stars (dotted). While
the gas-accreted distribution in No-Feedback (dashed red) is wider than the one in Illustris
(dashed blue), they are peaked at the same value and have nearly identical magnitude sums.
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However, the vector sum of angular momentum in Illustris is 0.15 dex larger than that of
No-Feedback, which reflects different degrees of self-alignment at accretion, as already noted
in Section 2.3.2 (AaccNo−FB = 0.24, AaccIll = 0.36).
These two results together imply that the galactic winds expel a fraction of the baryons
and prevent them from becoming z = 0 stars in a way that “selects” a more highly self-
aligned set of gas tracers to end up as z = 0 stars. This is done however without changing
the angular momentum of those “selected” tracers at accretion.
Finally, the dotted curves in Figure 2.9 represent material that forms stars in satellites
and is accreted onto the main galaxy in stellar form (stellar mergers). We see that in both
simulations, these stars accrete with a higher angular momentum4, having distributions
that peak at log(j) ∼ 4.5. However, in Illustris this population only constitutes ≈ 10% of
the z = 0 stars while in No-Feedback it constitutes nearly half of them. The suppression of
stellar accretion by feedback hence has a substantial effect on the overall angular momentum
distribution that the baryons making up the z = 0 galaxies have at their accretion time
(solid). In this work we deliberately do not address the evolution of the stellar accretion
inside the halo down to z = 0, as it would require a distinctively different analysis from the
gas component that is the focus of this work.
2.4 Discussion and Summary
Combining measurements of the angular momentum content of galactic disks with simple
models that match galaxies to dark matter halos suggests that the specific angular momen-
tum of galactic disks of different masses is very close (within ≈ 20%) to the typical specific
angular momentum of their host halo populations. The specific angular momentum content
of a z = 0 galaxy and its relation to that of its host halo can be considered using the following
independent “bookkeeping” factors meant to separate physical effects:
4We also find (but do not show) that the accretion times of the different types of particles in Figure 2.9
are unaffected by feedback: in both simulations stars are accreted later, in a similar way.
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(1) The specific angular momentum content of dark matter accreted onto the halo, which
integrated over cosmic time roughly gives the overall specific angular momentum of
the z = 0 dark matter halo.
(2) The relation between the specific angular momentum of the baryons that accrete onto
the halo along with the dark matter to that of the dark matter itself.
(3) The (possible) specific angular momentum bias between all the baryons ever accreted
onto the halo and the subset that end up in the galaxy.
(4) The angular momentum evolution of those baryons that end up in the galaxy between
the time they were accreted onto the halo and z = 0.
As we now discuss, this work has bearing for all of these steps except the second one, and
in particular for the last two steps, which are shown here to be significantly affected by
feedback processes.
First, if galaxy specific angular momentum was equal to that of the halo and all other
factors did not introduce any differences, one would expect high angular momentum galactic
disks to reside in halos with spins that are themselves higher than average, by a magnitude on
the order of the standard deviation of the halo spin distribution, ≈ 0.2− 0.25 dex (e.g., Bett
et al. 2007). This spread by itself would not suffice to explain the full range of specific
angular momentum values of observed galaxies (Romanowsky & Fall 2012), but it does need
to be taken into account when comparing a subset of the galaxy population, namely galactic
disks, to the full population of halos. Indeed, several recent cosmological hydrodynamical
simulations found correlations between the angular momentum of halos and the galaxies
they host (Teklu et al. 2015; Rodriguez-Gomez et al. 2017; Grand et al. 2017). We find a
closely related trend here by the fact that our main analysis is based on the galaxies at the
top 25% of the specific angular momentum distribution, for which we find that at accretion,
the vector sum is increased by 0.1 dex (0.18 dex) in Illustris (No-Feedback) with respect to
the case of considering the full galaxy population. In other words, by selecting galaxies with
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high z = 0 specific angular momentum, we select host halos that accrete (at least baryons)
with higher angular momentum than typical. This shift has bearings for the overall picture
in that a comparison of the angular momentum of galaxies at the top of the distribution to
the typical angular momentum of halos includes a “halo selection bias.”5
Second, recent work suggests that the specific angular momentum of baryons at the time
they accrete onto dark matter halos may be systematically higher than that of the dark
matter accreted around the same time (Stewart et al. 2013; Danovich et al. 2015), by up
to ≈ 0.2 dex. This has to do with the higher quadrupole moment of cold gas in cosmic
web streams. These conclusions were however drawn from a small number of “zoom-in”
simulations and were mostly focused on z & 1, hence the quantitative significance of such
an offset is not yet clear. In this work we have not examined the angular momentum of
the dark matter itself and therefore do not show evidence to this effect or to the contrary,
however it is important to keep this possibility in mind when considering the full picture.
Third, various effects can lead to a situation where the baryons that accrete over cosmic
history onto the halo, with a distribution of angular momentum values, will not be sampled
uniformly in angular momentum space in the galactic disks themselves. For example, gas
accreted via cold streams, which has higher angular momentum at accretion, may be more
likely to build the galaxy than hot gas accreted outside of streams (Stewart et al. 2013).
On the other hand, if galaxies are preferentially made of baryons that cool from the inner
regions of their halos, the baryons making up the galaxies will be negatively biased in angular
momentum relative to the full halo (Fall 2002; Kassin et al. 2012). Another possibility, which
is directly related to feedback and to the results in this work, is a bias generated by timing
differences. Mass accreted at earlier cosmic times has lower angular momentum than mass
accreted at later times (as in the classical tidal torque theory). Combined with the higher
efficiency of galactic winds at ejecting gas out of galaxies at higher redshifts, this means
5The choice of whether all or just the top 25% of galaxies are included does not, however, affect our
conclusions regarding the angular momentum histories of baryons inside halos. Specifically, in Illustris the
loss in the first interval (Figure 2.4) is larger if the full population is selected (0.44 dex) compared to the
case of our main analysis (0.37 dex), but the losses/gains in every subsequent interval remain unchanged.
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that early-accreting, low-angular momentum gas can be biased against making up the final
z = 0 galaxy with respect to late-accreting, high-angular momentum gas (Binney et al. 2001;
Brook et al. 2011). In this work we do not directly compare the baryons that do not make
it to comprising the final z = 0 galaxy to those that do, but we do show that the Illustris
feedback does not significantly change the accretion time distribution of z = 0 stars, and
also has a weak effect on the angular momentum of individual tracers at accretion. We
find however that the total angular momentum vector at accretion of z = 0 stars that are
accreted as gas is 0.15 dex higher in Illustris compared with No-Feedback, which requires
further research. In addition, the fraction of z = 0 stars that were formed in satellites (“ex-
situ stars”), which are accreted with high angular momentum, is suppressed by the galactic
winds in Illustris, thereby generating a bias at accretion that has an opposite sign to the
overall difference between the two simulations, giving an “advantage” at accretion to the
No-Feedback simulation. More research is needed to understand why the stellar accretion
has higher angular momentum at accretion compared to gas that forms stars in-situ. One
possibility is that it is related to the distinction between satellite and smooth accretion.
Finally, there are a variety of processes that may give rise to a situation where the baryons
comprising the stars in a z = 0 galaxy do not have the same angular momentum as they did
when they entered the halo. Quantification of this scenario is the main focus of this work.
We divide the time period between accretion into the halo and z = 0 into several segments
and reach the following findings, which are visually summarized in Figure 2.3.
1. Between accretion onto the halo and reaching the galaxy itself, we find that in No-
Feedback baryons lose 0.49 dex and in Illustris they lose 0.37 dex. Several processes
probably operate during this period. Mutual torques between the dark matter and the
gas due to their different spatial distributions can lead to angular momentum exchange
from the former to the latter that results in the gas having an increase of ≈ 0.1 dex
in specific angular momentum compared to the dark matter, as shown by Zjupa &
Springel (2017) using an adiabatic cosmological simulation. On the other hand, in the
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realistic case when radiative cooling is included, mass accreted via satellites (both as
gas and as stars) is expected to experience dynamical friction that deprives it of orbital
angular momentum. Torques in the inner part of the halo between the galaxy itself,
the inflowing gas and the hot halo gas can significantly change the original angular
momentum of all components (Roškar et al. 2010; Danovich et al. 2015). Our results
suggest that feedback has a minimal effect on these processes, at least in a combined
sense.
2. During the galactic fountain, namely between the first time baryons become part of the
galactic star-forming gas and the last time they do so, we find gains of ≈ 0.2 dex in the
Illustris simulation. There is no true parallel to this time segment in the no-feedback
simulation, since there are no galactic winds in that case. These gains in Illustris
occur, in particular, to gas that initially has low angular momentum gas, as already
seen in a handful of zoomed-in halos (Brook et al. 2012; Übler et al. 2014; Christensen
et al. 2016) even though, unlike those studies, the winds in Illustris are decoupled from
the hydrodynamics. This suggests that it is not the kick itself that imparts lasting
angular momentum gains, but rather several other processes likely operating during
this period that do so. Gas that is ejected into the galactic wind spends of order the
halo dynamical time at distances that are typically of order half of the virial radius.
During this time its angular momentum can be enhanced by both large-scale tidal
torques and local angular momentum exchange with the ambient halo may also occur
via both gravitational and gas pressure forces.
3. Between reaching the galaxy itself (crossing the star-formation density threshold) for
the last time and the actual star-formation time, we find that gas in Illustris on average
does not lose any angular momentum, while in No-Feedback it loses on average as much
as 0.14 dex. Several processes probably operate during this period. Various types of
non-axisymmetric distributions, such as spiral features, bars, and clumps formed by
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dynamical instabilities inside galactic disks, can cause angular momentum to flow out
and mass to flow in. Dynamical interactions during galaxy mergers can also induce
significant angular momentum losses. These interactions are expected to be stronger
in No-Feedback because the low-mass galaxies that participate in mergers have much
higher densities than those in Illustris, and indeed, our results show that these processes
are strongly suppressed in the presence of galactic winds.
4. Of all the events we consider, the smallest changes in angular momentum content occur
in the stellar phase, namely between the star-formation time and z = 0. In Illustris,
the stellar phase changes its angular momentum by z = 0 by less than ≈ 0.03 dex. This
is expected theoretically to be the case in the absence of bars, as the stellar component
is dynamically hotter and non-dissipative (e.g., Sellwood 2014). Our simulations are
likely suppressing bar formation due to their limited resolution. Regardless, even in the
presence of bars, where there is empirical indication for non-negligible secular evolution
of angular momentum in disk galaxies (e.g., Foyle et al. 2010), angular momentum
exchange from the stellar component to the dark matter is expected to be inefficient
(Valenzuela & Klypin 2003). In the No-Feedback case, there are actually small gains at
a level of 0.08 dex. One possibility is that these stellar gains are obtained at the expense
of the losses of gas component (Bournaud et al. 2005), which are indeed stronger in
No-Feedback.
Numerical work has shown in recent years that each of the “bookkeeping” steps discussed
in the beginning of this section potentially involves numerical factors with significant devia-
tions from unity. Our results are qualitatively consistent with that work discussed in Section
2.1, but demonstrating a true robustness to the hydrodynamics solver and input physics
would require a direct code-to-code analysis. We show here that in the Illustris simulation,
which reproduces the observed angular momentum of disk galaxies in 1012 M halos, the
last of these bookkeeping items, namely the angular momentum evolution of baryons inside
halos, is composed of losses and gains of different magnitudes. The overall result of an off-
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set of ∼ 20% between the angular momentum of galactic disks and of typical dark matter
halos (Fall & Romanowsky 2013) is hence composed of a handful of numerical factors of
≈ 0.1− 0.4 dex each, which have distinct natures and origins. Some of these act to increase
the baryonic angular momentum with respect to the dark matter one, and some in the
opposite direction. It therefore remains a pressing theoretical challenge to understand the
underlying reason for which they “conspire” to the simple and useful result of approximate
angular momentum retention in galactic disks.
Future work will be required to clarify the physical processes and their relative roles in
setting the angular momentum of disks: in other words, the “how?” and “why?” presented
in the Introduction. In particular it would be interesting to further investigate the lack of
angular momentum loss of the star-forming gas phase in the Illustris simulation by better
understanding the disk dynamics. Also important is to understand why and how (whether
hydrodynamically or gravitationally) the low angular momentum gas gains angular momen-
tum during wind ejections out in the halo (and what are the important effectors of torques
and on which scales), while high angular momentum gas roughly maintains its angular mo-
mentum. In addition to new types of analysis, this will require smaller separation between
snapshots than the full Illustris simulations currently provide. Additionally, it is necessary to
further investigate the origins of self-alignment of the different baryonic components before
accretion. The quantitative analysis of “when,” “where,” and “how much” presented here
will serve as a starting point and guidance to these future studies.
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Figure 2.10: Cumulative redshift distributions of various events in Illustris (left) and No-
Feedback (right) for z = 0 stars that accreted onto the main galaxy as gas (i.e., ignoring
stellar accretion). The addition of feedback delays star formation but leaves the halo accre-
tion times essentially unaffected.
for NASA, under contract NAS5-26555. G.B. acknowledges financial support from NASA
grant NNX15AB20G and NSF grants AST-1312888 and AST-1615955.
2.5 Appendix
To further understand angular momentum differences between Illustris and No-Feedback,
we examine the redshift distributions of the ‘events’ identified in Section 2.2, which are shown
in Figure 2.10. Unsurprisingly, feedback delays the formation of stars in Illustris (blue) and
introduces a significant time lag between the first (yellow) and last (green) crossings of the
star-formation density threshold. However, the distribution of halo accretion redshifts (red)
is largely unaffected, indicating that while feedback changes the amount of time accreted gas
spends in the halo before forming stars, it does not change the time at which gas is accreted
in the first place.
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Chapter 3: The Angular Momentum of the Circumgalactic
Medium in the TNG100 Simulation
Ka was like a wheel, its one purpose to turn
— Stephen King, The Waste Lands
3.1 Introduction
The circumgalactic medium (CGM), loosely defined as the nonstellar baryonic material
filling the region outside of galaxies but within their dark matter halos, is thought to contain
significant amounts of baryonic mass, and many recent observational and computational
studies focus on it as a key to better understanding galaxy formation and evolution. The
CGM can be both a vessel of cosmological gas accretion and a reservoir of gas ejected out of
galaxies by feedback (see Tumlinson et al. 2017 and references therein). The combination of
accreting, ejected, and quasi-hydrostatic components, which continuously interact, mix, and
get replenished, potentially shows signatures in the kinematics of the CGM, with various
degrees of rotation and complex velocity structure. Recent studies using both cosmological
simulations (e.g. Ford et al. 2014) and zoom-in simulations (e.g. Anglés-Alcázar et al. 2017;
Hafen et al. 2019) generally find many different origins and evolutionary histories of gas in
the CGM, supporting this picture. Furthermore, the fact that galaxies and their CGM are
physically connected to each other and exchange mass suggests that certain properties of
the two may be, in general, correlated (see, e.g., Bland-Hawthorn et al. 2017). Similarly,
the diversity of observed galaxies suggests that the CGM may be diverse as well, whether
because accreting gas in the CGM affects the evolution of the galaxy, or gas ejected from
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the galaxy affects the evolution of the CGM.
Observations of the CGM have generally supported these conclusions. Through studies
of both small samples (e.g. Bouché et al. 2016; Rahmani et al. 2018; Lochhaas et al. 2019;
Martin et al. 2019a) and large samples (e.g. Bordoloi et al. 2014; Liang & Chen 2014; Turner
et al. 2014; Werk et al. 2014; Kacprzak et al. 2015; Schroetter et al. 2016; Turner et al. 2017;
McQuinn & Werk 2018; Burchett et al. 2019; Pointon et al. 2019) of absorption lines, as well
as studies using emission lines (e.g. Martin et al. 2015, 2016), the CGM has been found to
contain a mass of baryons comparable to that of its associated galaxy, composed of gas in
many different ionization and dynamical states, indicative of many channels of formation.
Close to the plane of the galactic disk, the velocity of this material is often consistent
with being corotating with the galaxy (first seen in Barcons et al. 1995; more recent works
include Ho et al. 2017; Zabl et al. 2019). These observations are limited by the nature
of the observational technique, which integrates gas absorption along line-of-sight “pencil
beams” through the CGM and can combine gas at different radii and in different dynamical
states (e.g. Kacprzak et al. 2019; Ng et al. 2019). Gravitational lensing can allow a quasar
to probe multiple discrete locations (e.g. Chen et al. 2014a) or a continuous region (e.g.
Lopez et al. 2018, 2020) in the same CGM: such special cases are also consistent with
corotation. However, in all of these cases, the real 3D motions of gas in the CGM are
reduced to 1D line-of-sight velocities, meaning direct measurements of more fundamental
vector quantities like angular momentum are very difficult to achieve. Therefore, even though
there is observational evidence for high-angular momentum gas in the Milky Way’s (MW’s)
CGM (probed by quasar sightlines out to ∼ 80 kpc into the halo in Hodges-Kluck et al.
2016) and in specific higher-redshift MW analogs (probed by Lyα up to ∼ 40 kpc from the
galaxy in Prescott et al. 2015), the angular momentum of gas in the CGM is rarely directly
studied.
Angular momentum has long been considered an important quantity in galaxy structure
and evolution. It is predicted theoretically to originate from tidal torquing by the cosmic web
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at high redshifts (Peebles 1969; Fall & Efstathiou 1980; Mo et al. 1998) and has been shown to
strongly correlate with galaxy morphology, both in observations (Fall & Romanowsky 2013;
Cortese et al. 2016; Swinbank et al. 2017) and in large cosmological simulations (Genel et al.
2015; Teklu et al. 2015; Zavala et al. 2016). Angular momentum contained in galaxies and
halos has been measured in cosmological simulations including Illustris (Rodriguez-Gomez
et al. 2017; Zjupa & Springel 2017) and EAGLE (e.g. Lagos et al. 2017; Stevens et al.
2017; Oppenheimer 2018), in zoom-in simulations of individual halos (El-Badry et al. 2018;
Garrison-Kimmel et al. 2018), and using analytic models (Pezzulli et al. 2017; Sormani et al.
2018). However, the nature of the relationship between the angular momentum of the galaxy
and the angular momentum of the CGM is not yet clear.
A well-established result from both zoom-in and large-scale cosmological simulations is
that galaxies can eject low-angular momentum gas into the CGM while also accreting higher-
angular momentum gas from the CGM that eventually can form stars (Brook et al. 2011,
2012; Übler et al. 2014; Christensen et al. 2016; DeFelippis et al. 2017; Grand et al. 2019).
In particular, Brook et al. (2012) and DeFelippis et al. (2017) found that much of the gas
that forms stars by z = 0 has been ejected into and reaccreted from the CGM successively,
each time with incrementally more angular momentum. Other studies have found similar
links that relate the misalignment of the galaxy and halo to properties of accreting gas
(Roškar et al. 2010), outflowing gas (Tenneti et al. 2017), and satellite galaxies (Shao et al.
2016) in the halo. Furthermore, Stewart et al. (2013) and Stewart et al. (2017) have found,
using zoom-in simulations, that the CGM can develop a cold extended disk of high-angular
momentum gas from cosmological accretion. These results all suggest that the CGM could
generally be a source and reservoir not just of gas, in general, but of angular momentum
for galaxies. To determine whether this is the case would require measuring the angular
momentum in the CGM of a large sample of realistic galaxies, which has not yet been done
for a large cosmological simulation.
It is with this motivation in mind that we seek, as a first step, to characterize the angular
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momentum of the CGM for a large population of galaxies from the TNG100 simulation
to determine what, if any, systematic properties appear. In Section 3.2, we describe the
IllustrisTNG simulation suite and our angular momentum calculations in detail, as well as
define key properties of our CGM sample. In Section 3.3 we describe our main results. In
Section 3.4, we discuss the implications and possible physical origins of our results, and
we summarize in Section 3.5. We plan, in future studies, to follow up this theoretically
based work in two ways: by determining to what extent our conclusions are supported by
observations, and by tracing the overall and detailed evolution of gas throughout the CGM
using the IllustrisTNG simulations.
3.2 Methods
3.2.1 Simulations
This work makes use of the TNG100 box of the IllustrisTNG simulation suite (Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel et al.
2018), which utilizes the moving-mesh code Arepo (Springel 2010; Weinberger et al. 2020)
to evolve a periodic ≈ (111 Mpc)3 box from cosmological initial conditions down to z = 0. It
has a baryonic mass resolution of 1.4×106 M per cell. Two forms of feedback are included:
(1) galactic winds launched using energy released from evolving stellar populations (Pillepich
et al. 2018a), and (2) energy ejections from active galactic nuclei (AGNs) that occur in two
modes corresponding to high and low accretion rates onto the black hole (Weinberger et al.
2017). IllustrisTNG is based on the original Illustris simulation suite (Vogelsberger et al.
2013, 2014b,a; Genel et al. 2014) and notably improves upon its feedback prescriptions to
be more in line with the observational constraints for both high-mass (Nelson et al. 2018;
Pillepich et al. 2018b) and low-mass (Pillepich et al. 2018a) galaxies.
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3.2.2 Analysis
Our halo selection is made based on the virial mass Mvir, calculated with a spheri-
cally averaged overdensity criterion (Bryan & Norman 1998) for objects identified with the
friends-of-friends algorithm (Davis et al. 1985). However, we wish to distinguish between
the contribution of satellite galaxies and the contribution of the main central galaxy. Thus,
for each halo, we select (i) gas cells from the central subhalo as calculated by the subfind
algorithm (Springel et al. 2001), (ii) gas contained in satellite subhalos identified by the same
algorithm, and (iii) gas contained in the halo “fuzz” that is geometrically part of the halo
but not bound to any subhalo. We then define “smooth” gas as all gas bound to the central
subhalo or part of the halo fuzz ((i)and (iii)) and satellite gas as all gas bound to satellite
subhalos (ii). Finally, we define the smooth (satellite) component of the CGM as all smooth
(satellite) gas that is outside of a sphere centered on the most bound particle contained
in the galaxy with radius equal to twice the stellar half-mass radius. The gas inside this
sphere, though we do not consider it in this chapter, we call the interstellar medium (ISM).
Pillepich et al. (2019) found in TNG50 that the extent of the star-forming gas (i.e. gas with
a number density n > 0.13 cm−3) relative to the stellar half-mass radius depends on both
halo mass and redshift. We find this as well in TNG100, but the impact on the CGM mass
is minimal: at z = 0, star-forming gas is on average < 2% of the CGM by mass for all halo
masses considered in this chapter, and it is < 10% for all z ≤ 2. We have also tried defining
the CGM with other geometric and/or mass cuts but settled on twice the stellar half-mass
radius due to its relative simplicity and so as to mimic how galaxy sizes are measured obser-
vationally with stellar light. Regardless, we generally find that our results are not sensitive
to the precise definition we choose here. We also further divide the smooth CGM into “hot”








where γ = 5/3, and µ is the mean molecular weight of the gas in the halo. For halos of
masses ∼ 1011 M, ∼ 1012 M, and ∼ 1013 M, Tvir has average values of ≈ 2 × 105 K,
≈ 8×105 K, and ≈ 4×106 K respectively, and the “cold” phase comprises on average ≈ 80%,
≈ 66%, and ≈ 50% of the total CGM gas mass, respectively. Note that by our definition,
all gas is either hot or cold.






mi(ri − rcenter)× (vi − vcom) (3.2)
where the summations go over all gas cells included as part of the CGM or of one of its
components, as appropriate. MCGM =
∑N
i=1 mi is the total mass of that component, rcenter is
the position of the most bound particle in the halo, and vcom is the center-of-mass velocity of
the central galaxy, defined as the collection of all of the stars in the central subhalo. We also
define the misalignment angle of the CGM with respect to the galaxy as the angle between
jCGM and the stellar specific angular momentum vector (j∗), where j∗ is calculated as in
Equation 3.2 but using the central galaxy’s star particles.
Following our previous analyses of baryonic angular momentum in the Illustris simulation
(Genel et al. 2015; DeFelippis et al. 2017), we divide halos into two populations based on
the stellar specific angular momentum magnitude (j∗) of the central galaxy (i.e. the central
subfind subhalo). For the MW-mass scale, which is our focus, we select all halos with virial
masses in the range 1011.75 < Mvir < 1012.25 M to have as large a sample of as possible.
Rather than using the distribution of j∗ alone, we first normalize j∗ by M2/3vir and choose
the upper and lower quartiles of the distribution of j∗M−2/3vir , a quantity that is functionally
similar to the traditional halo spin parameter λ ∝ jhaloM−2/3vir . This is necessary for removing
any lingering halo mass dependence and ensuring that the two populations have essentially
the same mass distributions. We refer to the upper and lower quartiles defined above, which
each contain 630 halos, as high-j∗ and low-j∗ respectively, and we show the full j∗ distribution
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Figure 3.1: Stellar specific angular momentum magnitude vs. the virial mass of TNG100
MW-mass halos at z = 0. The high-j∗ and low-j∗ galaxies as defined in Section 3.2 are shown
as upward and downward facing triangles, and the two middle quartiles of the j∗ distribution
are shown as smaller circles. Each point is colored by the galaxy’s stellar mass. The black
dashed line indicates a power law in this plane with a slope of 2/3.
of our halo mass range and highlight the high-j∗ and low-j∗ samples in Figure 3.1. We note
that the high-j∗ sample has a lower median black hole mass and higher specific star-formation
rate than the low-j∗ sample by factors of ≈ 0.6 and ≈ 1.4, respectively.
3.3 Results
In this section, we present the results of our analysis technique as described in Section
3.2. We primarily focus on MW-mass halos at z = 0 (Section 3.3.1), and then expand our
analysis to higher redshifts (Section 3.3.2) and other halo masses (Section 3.3.3).
3.3.1 MW-mass Halos at z = 0
We begin in Figure 3.2 by plotting the total specific angular momentum magnitude of
the CGM against its misalignment angle relative to the stars for high-j∗ and low-j∗ MW-
mass halos at z = 0 as defined in Section 3.2. We also distinguish between the smooth and
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Figure 3.2: Specific angular momentum magnitude vs. misalignment angle of CGM gas with
respect to the stellar angular momentum axis for TNG100 MW-mass halos at z = 0. The
median values are shown for all gas (black) around high-j∗ galaxies (upward pointing trian-
gles) and low-j∗ galaxies (downward pointing triangles). This is shown both for the smooth
(i.e. non-satellite) component (solid, filled triangles) and for satellites (dashed, empty trian-
gles). The smooth component is further divided into cold (blue) and hot (red) components
based on a temperature threshold of Tvir/2 for each halo. The ellipses surrounding each
median point show the corresponding 1σ scatter of the covariance between the magnitude
and misalignment.
satellite components as defined above. First, we consider the smooth component shown as
the solid black triangles: we see that the entire smooth CGM of high-j∗ galaxies (upward
triangles) is very well aligned to the stars in the galaxy, with a median misalignment angle
of only about 15◦. Conversely, the smooth CGM of low-j∗ galaxies (downward triangles) is
much more poorly aligned, with a higher misalignment angle by ∼ 40◦, and a lower specific
angular momentum magnitude, by about a factor of 1.5. By comparing Figures 3.1 and 3.2,
we can see that the CGM of high-j∗ galaxies has a ∼ 3 − 4 times higher specific angular
momentum than that of the high-j∗ galaxies themselves (namely their stellar component),
while for low-j∗ galaxies, this ratio is typically larger, ∼ 10.
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Further, Figure 3.2 also shows the same quantities but now split into the hot and cold
components of the smooth CGM. We see that the ∼ 40◦ misalignment angle difference and
factor of ∼ 1.5 magnitude difference between high-j∗ and low-j∗ galaxies is present in each
of the cold and hot gas components separately. In detail, the cold and hot components differ
(in a similar way for high-j∗ and low-j∗ galaxies) such that the cold component around both
galaxy types has a slightly higher magnitude and is somewhat better aligned to the stars
than the hot component. We found these results to be insensitive to temperature cutoffs
anywhere between 0.1 and 1 Tvir.
Next, we look at the satellite component. We note that, unlike for the smooth component,
we do not define a cutoff around the stellar disk of any satellite galaxy, as the entire satellite
subhalo is part of the CGM of the central subhalo. Gas in satellites (empty triangles in
Figure 3.2) has a much higher specific angular momentum than the smooth CGM−about
0.5 dex for high-j∗ galaxies and 1 dex for low-j∗ galaxies−and both satellite components
are less aligned to the stars than their corresponding smooth components are. However, on
average, the smooth component contains an order-of-magnitude more mass, which means
the total angular momentum contents of the smooth and satellite components are roughly
equal.
In comparing high-j∗ and low-j∗ galaxies, we see a smaller misalignment angle with
respect to the stars for satellites around high-j∗ galaxies, just like for the smooth component.
But, unlike the smooth component, there is a larger magnitude around the low-j∗ galaxies.
However, there are reasons to believe the same high-j∗/low-j∗ split is not very meaningful
for the satellite component. First, the mass fraction of the CGM in the satellite component
is extremely variable: ∼ 20% of MW-mass halos contain no satellite component to their
CGM at all, and ∼ 2/3 of them have less than 5% of their CGM mass contained in satellites;
still, ∼ 1% of halos actually have a majority of their CGM mass in satellites. Second,
the scatter of the satellite component as shown in Figure 3.2 is quite large compared to
that of the smooth component, especially in the misalignment angle. Third, the median
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misalignment between the satellite component and the smooth component (not shown) is
nearly the same for high-j∗ and low-j∗ galaxies (30◦ and 40◦, respectively) and is notably in
between the medians of the high-j∗ and low-j∗ smooth component. These results indicate
that the angular momentum found in satellites at z = 0 is generally associated with a small
amount of mass at misalignment angles more related to the smooth component than to the
galaxy. This can be understood as follows: at z = 0, the smooth component of the CGM
is made up of accreted and ejected gas averaged over all cosmic time, while the satellite
component is much more transient and subject to strong variations. In other words, the
satellite component is tracing a much shorter timescale of accretion and is thus more weakly
related to the angular momentum of the galaxy. Therefore, for the rest of this chapter, we
will focus on the smooth component of the CGM where there is more gas and where the split
in high-j∗ and low-j∗ populations is strongest and more physically meaningful, presumably
highlighting an important connection between the CGM and the galaxy. In particular, we
want to identify the gas that could be driving the difference in the overall properties of the
two populations.
In Figure 3.3, we show the distribution of the average angular momentum magnitude
(top row) and misalignment angle (bottom row) in different spatial bins of the cold, smooth
CGM component. Figure 3.4 shows the same quantities but for the hot, smooth component.
Our goal in displaying the CGM this way is to understand which parts of the CGM are
significantly different between high-j∗ and low-j∗ galaxies and, thus, where the overall angular
momentum trends in Figure 3.2 come from. Before discussing the results, we provide two
minor caveats. First, we only display properties of the gas out to a spherical radius of Rvir
because past this boundary, we find all measured properties to be very noisy. Second, within
Rvir, we only show averages in spatial bins where at least 50% of the halos have gas in that
bin.
Immediately evident in the first two columns of Figures 3.3 and 3.4, especially in Figure

















































































































Figure 3.3: Each panel shows mass-weighted spatial distributions of the cold CGM binned
in height (y-axis) and cylindrical radius (x-axis) for TNG100 MW-mass halos at z = 0.
The first three columns are computed with the z-axis pointing in the direction of the stellar
angular momentum vector. The top row displays specific angular momentum magnitudes in
units of 1000 km s−1 kpc and the bottom row displays misalignment angles in degrees. The
first column shows the actual angular momentum magnitude and misalignment angle of the
CGM around high-j∗ galaxies, and the second column shows the same for the CGM around
low-j∗ galaxies. The third column is simply the difference between the first column and the
second column. The final column is calculated in the same way as the third column but
with the z-axis pointing in the direction of the total angular momentum vector of the CGM,
rather than the stars. The black contours in each panel are isodensity contours of cold gas,
labeled by the percentage of cold gas mass (50%, 90%, and 99%) they enclose. Rounder
(flatter) contours therefore highlight more (less) spherically symmetric density profiles. The
white dashed triangle is meant to guide the eye by emphasizing the properties of the gas
within a ∼ 30◦ wedge centered on the plane perpendicular to the axis of rotation.
plane and extending to large radii in high-j∗ galaxies that barely exists in low-j∗ galaxies. To
help guide the eye, such a wedge is outlined with dashed white lines in each panel of Figures
3.3 and 3.4. Such a feature is perhaps expected for cold gas, which is generally the more
centrally concentrated (as shown by the black isodensity contours, which are labeled with
the percentage of mass enclosed) and rotationally supported, but interestingly, the hot gas
also shows this feature, albeit to a lesser extent in angular momentum magnitude. This can
also be seen quantitatively in the third column, which is simply the difference between the

















































































































Figure 3.4: Each panel shows the mass-weighted spatial distributions of the hot CGM for
TNG100 MW-mass halos at z = 0 and plots the same quantity as the corresponding panel
in Figure 3.3.
momentum excess of as much as 3000 km s−1 kpc in cold gas and 1000 km s−1 kpc in hot gas
within this wedge, and it is also ≈ 30◦ better aligned to the stars in this wedge, independent
of temperature. Outside the wedge region, the differences between the CGM of high-j∗
and low-j∗ galaxies are much smaller. We comment here that the existence of this wedge
demonstrates that the angular momentum distribution of the CGM is more cylindrically
symmetric (i.e. symmetric with respect to the z-axis) than spherically symmetric in the
halo, which Bullock et al. (2001) also found to be true for dark-matter-only simulations of
comparable halos.
Finally, we calculate the same spatial distributions for the CGM of high-j∗ and low-j∗
galaxies but with the z-axis set to the direction of jCGM rather than j∗. We note that the
misalignment angle in this case is no longer between the CGM and the galaxy but between
the local CGM and global CGM. We find that the CGM properties of high-j∗ galaxies hardly
change (as expected, since the galaxy and the CGM are rather well aligned, see Figure 3.2),
but the CGM properties of low-j∗ galaxies do, resulting in the difference maps shown in
the fourth columns of both Figures 3.3 and 3.4. Compared to those in the third columns,
51
the misalignment angle difference maps show much smaller values, meaning the local-to-
global CGM misalignment angles of the CGM of high-j∗ and low-j∗ galaxies are similar.
Therefore, large misalignment differences in the third columns of Figures 3.3 and 3.4 are
due to the overall misalignment of the CGM of low-j∗ galaxies to the galaxy, rather than
the internal properties of the CGM around those galaxies. However, while the misalignment
angle difference is significantly lessened, the angular momentum magnitude difference hardly
changes, and there is still a nonzero misalignment angle difference at rxy < 0.5Rvir and
z < 0.5Rvir in both the hot and cold phases.
We now seek to quantify the magnitude of the tangential (i.e. non-radial) velocities that
contribute to the angular momentum magnitudes displayed so far. In Figure 3.5, we plot
mass-weighted radial profiles (in cylindrical shells) of the vector-summed spherical tangential
velocity of the cold and hot components of the CGM. As we are interested here in the motion
within the CGM, we align these profiles to the CGM’s total angular momentum vector (as
in the rightmost columns of Figures 3.3 and 3.4). Note that this alignment choice does
not affect the computation of the tangential velocity but merely the location at which that
velocity is displayed in the profiles. For radii . 0.5Rvir, we see that cold gas and gas around
high-j∗ galaxies have higher tangential velocities than hot gas and gas around low-j∗ galaxies,
respectively. At larger radii however, the high-j∗ and low-j∗ samples are nearly identical,
and the hot gas has slightly higher velocities. For both cold and hot components, the largest
tangential velocities occur close to the galactic plane and within ∼ 0.5Rvir, where they can
exceed half the virial velocity of the halo. The tangential velocities fairly quickly drop off
with height and radius, reaching a value of ≈ 25 km s−1, independent of temperature, before
they start to increase again in the outer halo, mostly for the hot gas.
The tangential velocity as we have defined it contains rotation in two coordinates: the
azimuthal coordinate φ and the polar coordinate θ. We find (but do not show) that the
shapes of the azimuthal velocity (vφ) profiles are almost identical to those of the tangential











































hot 0.0 < z/Rvir < 0.1
0.1 < z/Rvir < 0.2
0.5 < z/Rvir < 0.6
Figure 3.5: Tangential velocity profiles for cold (top panel) and hot (bottom panel) gas in the
CGM of TNG100 MW-mass halos at z = 0, aligned to the total angular momentum vector
of the CGM. Each panel shows the CGM of high-j∗ (solid) and low-j∗ (dotted) galaxies at
three different heights (blue, green, red). The colored shaded regions are the ±1σ scatter for
the high-j∗ profiles and are of comparable size to those of of the low-j∗ profiles. The black
shaded region shows the range of Vvir/2 for all halos, where Vvir =
√
GMvir/Rvir is the virial
velocity.
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polar velocity (vθ) at all locations is 0 km s−1, meaning there is no coherent rotation in
the θ direction at all. These results confirm that the high-angular momentum “wedge” we
see in Figures 3.3 and 3.4 is associated with rotational velocities primarily in the azimuthal
direction, which are a significant fraction of the virial velocity of the halo in the inner CGM.
3.3.2 MW-mass Halos at z > 0
In this section, we extend our analysis to halos that have a z = 0 MW-mass at higher
redshifts (and thus, a larger halo mass at z = 0) by applying the same galaxy selection
criteria as described in Section 3.2 to redshifts z > 0. First, in Figure 3.6, we plot the
same quantities as shown in Figure 3.2 but at redshifts from z = 0 to z = 5 for the hot
and cold smooth components of the CGM separately. The thick opaque lines connecting
the median high-j∗ and low-j∗ points at different redshifts have similar slopes and lengths,
both for hot gas and cold gas, thus indicating a remarkable consistency between magnitudes
and alignments of high-j∗ and low-j∗ galaxies with redshift. The only significant difference
with redshift is the total magnitude of a given component of the gas, which increases over
time at approximately similar rates for the upper and lower quartiles of the stellar specific
angular momentum distribution. This is consistent with the expected growth of specific
angular momentum with redshift at fixed mass1: j ∝ (1 + z)−1/2. There also appears to be a
steady trend of decreasing misalignment angle for the cold CGM of high-j∗ galaxies at z . 1.
However, broadly speaking, the total angular momentum properties of MW-mass halos are
redshift independent, apart from the total angular momentum magnitudes themselves.
In Figure 3.7, we show the angular momentum magnitude and misalignment angle differ-
ence maps for cold gas, analogous to those in the fourth column of Figure 3.3 (i.e. aligned to
the total angular momentum vector of the CGM) but for higher redshifts; to ease compari-
son, the first column of Figure 3.7 is identical to the fourth column of Figure 3.3. We also
normalize the angular momentum magnitude difference by (1 + z)−1/2 to remove the overall
1Assuming a constant halo spin parameter λ: j ∝ λRV ∝ R1/2 ∝ 1/(1 + z)1/2.
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Figure 3.6: Specific angular momentum magnitude vs. misalignment to the stars for cold
(blue) and hot (red) gas in high-j∗ (upward pointing triangles) and low-j∗ (downward point-
ing triangles) TNG100 MW-mass halos at z = 0 to z = 5. Ellipses show 1σ scatter of z = 0
galaxies (identical to those in Figure 3.2) and are of similar size at all redshifts. Opaque lines
connect high-j∗ and low-j∗ points at four selected redshifts and demonstrate the persistence
of the misalignment angle and magnitude difference over cosmic time.
angular momentum growth from the difference plots. We immediately see that there are two
key structural differences between the high-j∗ and low-j∗ galaxies that are redshift depen-
dent. First, at very high redshifts (z = 5), the magnitude and misalignment angle difference
structure is much noisier than at all other redshifts, indicating that the organized structure
seen at z = 0 is the result of longer-term evolution. However, by z = 2, the basic aligned
“wedge” structure is in place. Second, at redshifts z < 2, the area of the strongest magnitude
difference seems to drift inward toward the galaxy from ∼ Rvir at z = 1 − 2 to ∼ Rvir/3 at
z = 0. This is accompanied by the inward drift of the largest radius where the misalignment
angle difference is negative, indicating a better intrinsic alignment around high-j∗ galaxies.
In examining the actual magnitude and misalignment angle values as a function of redshift,
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Figure 3.7: The difference between the mass-weighted spatial distributions of the cold CGM
of high-j∗ and low-j∗ galaxies binned in height (y-axis) and cylindrical radius (x-axis; the
same panels as the fourth column of Figure 3.3) for TNG100 MW-mass halos at z = 0, 1, 2,
and 5, from left to right. The scale of the first row is normalized by (1 + z)−1/2 to account
for overall growth of angular momentum with redshift. The corresponding evolution of the
hot CGM is very similar.
over time, but only in the CGM of high-j∗ galaxies does the magnitude increase in the inner
part of the halo, and this happens most dramatically after z = 1. Neither the high-j∗ nor
low-j∗ misalignment angle profiles change significantly after z = 2. We also find the same
features in the corresponding plots for hot gas, though the size of the magnitude effect is
decreased. This potentially highlights a point in time at which angular momentum exchange
between the galaxy and the CGM becomes particularly effective, presumably due to the
emergence of fountain flows, and high-j gas can exist nearer to the galaxy.
3.3.3 Other Halo Masses
Next, we consider the role of halo mass in influencing the angular momentum structure
of the CGM. Figure 3.8 displays the same cold and hot gas evolutionary tracks as shown in
Figure 3.6 but now for five halo mass bins of width 0.5 dex centered on 1011 M, 1011.5 M,
56
0 30 60 90






















Figure 3.8: Specific angular momentum magnitude vs. stellar misalignment angle for cold
(solid, filled triangles) and hot (dashed, empty triangles) gas in TNG100 halos of over two
orders of magnitude in mass binned in five bins, each a different color. The triangles show
z = 0 values, and the lines show the population evolution within the bin up to z = 5.
1012 M, 1012.5 M, and 1013 M. Clearly, higher-mass halos have more angular momentum,
consistent with the expected scaling of j ∝ M2/3vir , but the misalignment angle seems to be
essentially independent of halo mass. As in Figure 3.6, the misalignment of the cold CGM
of high-j∗ galaxies decreases at z . 1. We can also see evidence of two regimes of halo
mass: one is Mhalo . 1012 M (green, blue, and purple), for which all halos have a CGM
with a higher-angular momentum magnitude and better alignment around high-j∗ galaxies
compared to low-j∗ ones. The other regime isMhalo > 1012 M (orange, red). In these halos,
the CGM angular momentum magnitude difference between high-j∗ and low-j∗ galaxies is
consistent with zero, though the misalignment angle difference remains. The evolutionary
tracks are also considerably more jagged. Additionally, for all galaxies, the misalignment
difference between cold and hot gas increases toward lower halo masses at z = 0, possibly
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Figure 3.9: The difference between the mass-weighted spatial distributions of the cold CGM
of high-j∗ and low-j∗ galaxies binned in height (y-axis) and cylindrical radius (x-axis; the
same panels as the fourth column of Figure 3.3) for the cold CGM of five different TNG100
halo mass bins at z = 0, which are displayed on the top of each column in units of M. The
scale of the first row is normalized by M2/3vir to account for the median halo mass in each
bin. The corresponding plots for the hot CGM differ slightly in the rightmost column but
are otherwise very similar.
gas mass fraction in the CGM of those lowest-mass halos (≈ 20%) compared to the highest-
mass ones (≈ 50%).
In Figure 3.9, we show cold gas difference maps at z = 0 for the same five halo mass bins
as in Figure 3.8, again, aligned to the total angular momentum vector of the CGM. First
and foremost, we can clearly see the distinction between the first three columns and the last
two: the lower-mass high-j∗ halos have an excess angular momentum in the wedge defined
earlier compared to the low-j∗ halos and are similarly self-aligned. In the two highest-
mass bins, the difference between the high-j∗ and low-j∗ is less clear. In examining each
population by itself, we find that both contain a similarly sized excess in the wedge, but the
structure outside the wedge is more complicated, sometimes resulting in an excess around
the low-j∗ galaxies (fourth column) and sometimes little organized structure at all (fifth
column). The misalignment angle maps do not vary much with mass, consistent with the
overall result from Figure 3.8. We find broadly similar results when we examine the hot
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gas (not shown), though the difference map in the largest halo mass bin shows a nearly
uniform slight angular momentum magnitude excess and a misalignment angle difference of
nearly 0◦. This is presumably due to two related factors: (1) the dominance of black hole
feedback over stellar feedback at higher halo masses, and (2) the resulting dearth of typical
high-j∗ spirals at halo masses ∼ 1013 M that renders the high-j∗/low-j∗ split of the galaxy
population less physically meaningful (see, for example, Figure 2 of Genel et al. 2015, which
shows this for the original Illustris simulation). What does seem clear though is that the
angular momentum structure of MW-mass halos (which we found to be largely independent
of redshift) is not unique to MW-mass halos and represents a typical structure for a wide
range of halos up to ∼ 1012 M.
3.4 Discussion
Having established the basic differences of the CGM angular momentum content between
high- and low-j∗ galaxies, we now explore what coherent velocities in the CGM and variations
to the IllustrisTNG physics model can tell us about the source of these differences. We then
place the results in this chapter in the larger context of previous CGM-related angular
momentum results.
3.4.1 Radial and Total Velocities
In this section, we identify a clear distinction between hot and cold gas, which so far have
appeared dynamically very similar, i.e., the distribution of radial velocities. In Figure 3.10
we show radial velocity maps of the cold CGM (top two panels) and the hot CGM (bottom
two panels) for our main sample of interest (MW-mass halos at z = 0). For both high-j∗
(left panels) and low-j∗ (right panels) galaxies, the hot CGM is characterized by strongly
outflowing gas in the polar regions and relatively weakly outflowing gas elsewhere. However,
the cold gas shows a key difference between the two populations. While there is always

















































Figure 3.10: Mass-weighted spatial distributions of the radial velocity of the cold (top row
panels) and hot (bottom row panels) CGM of TNG100 MW-mass halos at z = 0, split into
high-j∗ (left panels) and low-j∗ (right panels) populations as before. Mass contours are the
same as the corresponding contours in Figures 3.3 and 3.4.
CGM of high-j∗ galaxies shows the presence of net outflowing cold gas in the polar region of
the CGM.
This pattern of radial velocities is strongly suggestive of galactic fountains where gas in
the CGM is continuously recycled, and it could potentially explain why the CGM of high-j∗
galaxies is so much more aligned to their galaxies than are the CGM of low-j∗ galaxies. We
have found in previous work (DeFelippis et al. 2017) that the baryons locked in z = 0 stars
in high-angular momentum disks (comparable to the high-j∗ population in this chapter)
spend a significant amount of time participating in galactic fountains, while stars in galaxies
simulated without feedback end up with a few times lower angular momentum. We also found
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in that work that participation in the fountains increases the specific angular momentum of
the gas, meaning the outflowing/inflowing pattern in the cold gas may be broadly tracing
the angular momentum growth in the CGM.
Slightly more subtly, the regions of the strongest radial inflow also differ between the
CGM of high-j∗ and low-j∗ galaxies: the former has essentially no radial motion in the plane
of the galaxy at < 0.2 Rvir, possibly indicative of the much stronger rotation there (see Figure
3.5). Evidently, low-j∗ galaxies are associated with stronger net radial inflows in their inner
CGM. Further analysis of the mass (and angular momentum) participating in these radial
flows requires the use of tracer particles, which we defer to a later work.
In Figure 3.11, we estimate the extent to which the gas is kinematically supported by
coherent motion by plotting the average total “coherent” velocity, defined as
√
v2tan + v2rad,
where vtan is the tangential velocity shown in Figure 3.5 and vrad is the radial velocity shown
in Figure 3.10. We see that total coherent velocity is always less than the circular velocity as
a function of radius, except for cold gas within ∼ 0.1−0.2 Rvir of high-j∗ galaxies, indicating
that the vast majority of the CGM is not completely kinematically supported by coherent
motion. The remainder of the support must come from a combination of random motion (i.e.
velocity dispersion) and pressure; however, the precise measurement of these other factors is
outside of the scope of this chapter.
3.4.2 Model Variations
Next, we use some of the IllustrisTNG model variations described in Pillepich et al.
(2018a) (each one a ≈ (37 Mpc)3 box with a baryonic mass resolution of 2.4 × 106 M
per cell, comparable to TNG100) to investigate the sensitivity of the angular momentum
of the CGM to changes in the IllustrisTNG physics model. These changes are summarized
in Figure 3.12, which shows the same quantities as in Figures 3.2, 3.6, and 3.8 (i.e. CGM
angular momentum magnitude and misalignment angle with respect to the stars). We focus
on two types of variations: (1) those that change a property of the galactic wind, the
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Figure 3.11: Total coherent velocity profiles for the cold (blue) and hot (red) CGM of
TNG100 MW-mass halos at z = 0, split into high-j∗ (solid) and low-j∗ (dotted) populations
as before. We show profiles at a small (thick) and large (thin) height in the halo. The green
dashed line is the circular velocity, Vcirc =
√
GM(< r)/r, where M(< r) is the total mass
enclosed in the spherical radius r. The colored shaded regions are the ±1σ scatter for the
two cold high-j∗ profiles and are of comparable size for all profiles at a given height.
dominant form of feedback for MW-mass halos, and (2) those that remove one or more
physical processes completely. In each simulation, we perform the same halo selection,
specific angular momentum cut, and temperature separation as described in Section 3.2.
Variations of the wind model change at least one of two quantities: the speed of the
wind, and the mass loading (η) of the wind. The left column of Figure 3.12 shows the
total magnitude and misalignment angle of three simulations with varying values of η and
fixed wind speed, both for cold (top panels) and hot gas (bottom panels). We see that
increasing the mass loading does not change the angular momentum of the CGM very much
compared to the fiducial properties, but reducing the mass loading drastically changes the
properties around low-j∗ galaxies by increasing their CGM’s angular momentum to be greater
than those around high-j∗ galaxies and significantly worsening their alignment. The middle
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Figure 3.12: Specific angular momentum magnitude vs. misalignment to the stars of cold
gas (top panels) and hot gas (bottom panels) in the CGM of MW-mass halos at z = 0 for
variations of the IllustrisTNG feedback model. The colored lines connect the high-j∗ (filled
triangles) and low-j∗ (empty triangles) populations of each variation and emphasize that the
qualitative misalignment angle difference between those two populations in the full TNG
model (black) is also found in all other variations, with or without feedback.
kept at the fiducial value or varied in tandem with the wind speed so as to keep a fixed specific
kinetic wind energy. The simulations with increased wind speed (whether or not η is kept
fixed) are also qualitatively similar to the fiducial model, while those with decreased wind
speed have larger misalignment angles and higher-angular momentum magnitudes around
low-j∗ galaxies.
Taken together, we find that the angular momentum magnitude of the CGM, and to a
lesser extent, the misalignment angle, is sensitive to the strength of the wind but mostly only
if the wind is “weaker” than the fiducial model. Stronger winds do not significantly change
the angular momentum of the CGM. These conclusions apply to both the cold and the hot
phases of the CGM. It is important to note, however, that the difference in misalignment
angle between high-j∗ and low-j∗ galaxies is a consistent feature of all of the simulations. A
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detailed or quantitative interpretation of these sensitivities is difficult to achieve (see also
Pillepich et al. 2018a), but we hypothesize in a general sense that the reason that weaker
winds lead to worse galaxy-CGM alignments and to higher CGM specific angular momentum
magnitudes is that the diminished wind feedback allows for more low-angular momentum
gas to form stars and stay locked in the galaxy rather than return to the CGM and thereby
lower the CGM angular momentum and “mix” it with that of the galaxy’s.
We also checked angular momentum properties for simulations with various aspects of
the IllustrisTNG model removed completely: specifically, with no galactic winds, no metal
cooling, and no black holes. We also checked a simulation that had all three of these mech-
anisms removed. The results, shown in the right column panels of Figure 3.12, indicate
that removing only the winds has the greatest effect on the CGM’s angular momentum by
increasing its magnitude around all galaxies; removing black holes has negligible effects on
the magnitude, but removing metal cooling slightly lowers the magnitude. In all cases, the
misalignment angle difference between high-j∗ and low-j∗ galaxies remains. Interestingly, re-
moving all three forms of feedback at once resulted in changes to the fiducial model smaller
than when only one form was removed.
There are many caveats to this analysis that make interpretation difficult. As demon-
strated previously (Pillepich et al. 2018a), different forms of feedback often interact with each
other in nonlinear ways, which is evident here in the third column of Figure 3.12: knowing
how removing each individual form of feedback affects the CGM does not obviously inform
how removing all three together affects the CGM. Additionally, any change to the fiducial
model will in some way change galactic properties and could therefore affect the properties
of galaxies classified as high-j∗ or low-j∗, not just their CGM. Other studies comparing simu-
lations with different subgrid models (Kauffmann et al. 2019) and including different physics
such as cosmic-rays (Buck et al. 2020) further demonstrate how sensitive properties of the
CGM can be to the strength and implementation of various forms of feedback. Nevertheless,
there are three clear conclusions we can draw from this analysis. First, median j and θ values
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for the CGM depend somewhat on the properties of the wind and the presence of feedback.
Second, the high-j∗−low-j∗ difference in angular momentum magnitude is usually positive
but can flip sign if the feedback is weak enough. Finally, the high-j∗−low-j∗ difference in
misalignment angle is always positive and, thus, is not driven by feedback.
3.4.3 Comparisons to Previous Work
We highlight here important results from other recent studies of the CGM and whether
or not our results are consistent with them. The main finding by Stewart et al. (2017)
was that the presence of high specific angular momentum gas in the halo (∼ 4 times larger
than that of the dark matter) is independent of simulation code, suggesting that it is a
fundamental characteristic of galaxy formation. Our results confirm the presence of such
gas in a large population of galaxies (compared to a single halo studied by Stewart et al.
2017), and we furthermore show that high-angular momentum galaxies have the highest
angular momentum gas in their CGM. They also found that large-scale filamentary inflows
resembling an extended cold disk can form around MW-mass galaxies (strongly resembling
the spatial pattern of cold gas we find in Figure 3.3) and that velocities of such gas can be
as large as 1.5× the virial velocity of the halo (∼ 250 km s−1). The tangential velocities of
cold gas in TNG100 MW-mass halos are not generally that high (see top panel of Figure
3.5) but can exceed the virial velocity close to the disk. Other studies of simulated galaxies
at high redshifts (e.g. Kimm et al. 2011; Danovich et al. 2015) have found that inflowing
cold gas streams can transport angular momentum through the halo toward the galaxy while
maintaining its high spin with respect to the dark matter. While we only look at average
velocity structures in TNG100 and do not follow individual gas streams, the radial velocity
maps (Figure 3.10) nevertheless show that much of the cold rotating (and high-j) gas in the
CGM has a net inflowing velocity out to nearly the virial radius at z = 0, perhaps suggesting
it is indeed a source of the baryonic angular momentum of the galaxy.
Recent work with EAGLE, another modern large-scale cosmological simulation, has also
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found evidence of rotation in the CGM. Oppenheimer (2018) measured the spin parameter
of the hot halos of L∗ galaxies and found that they are comparable to those of the cold gas,
even though the hot gas is more spherically distributed. We also find a similar relationship
between the cold and hot CGM and provide further support to the Oppenheimer (2018)
conclusion that rotation in the CGM, especially in the inner parts, is a significant deviation
from hydrostatic equilibrium that models of the CGM should take into account. Ho et al.
(2019) focus on the cold gas around a single EAGLE galaxy in a MW-mass halo and find
corotating gas that would be detectable observationally at low azimuthal angles from the
galaxy (. 10◦) and impact parameters . 60 kpc (∼ 0.2−0.3 Rvir for this halo mass). This is
comparable to the region of the CGM in TNG100 MW-mass halos where cold gas is rotating
near or above the virial velocity (see Figure 3.5). Ho et al. (2019) also measure typical inflow
speeds between 20 and 60 km s−1, which match fairly well with the net inflow we measure in
TNG100. They further find that gas tends to accrete anisotropically in structures that extend
further in cylindrical radius than height, which is, again, qualitatively matched by our radial
velocity maps. As a whole, we find signs for good agreement between the rotational properties
of the CGM between the EAGLE and TNG100 simulations. We further demonstrate in this
work that the hot and cold CGM components have similar angular momentum properties as
well, though the cold CGM always has a higher magnitude than the hot CGM. This supports
results from Danovich et al. (2015) who found that while cold and hot gas in their (smaller)
sample of MW-mass halos at z > 1 have similarly shaped spin profiles, the cold gas has a
factor of ∼ 2 higher spin than the hot gas.
Rotation in the CGM is difficult to measure observationally, but recent efforts provide
powerful evidence of its prevalence. Martin et al. (2019b) use 50 pairs of galaxies and quasar
sightlines to measure Mg II absorption and find that it is preferentially located along both
the major axis of the galaxy, consistent with corotation, and the minor axis, indicative of
biconical outflows. Zabl et al. (2019) use a smaller sample taken with the MUSE instru-
ment on the Very Large Telescope and find similar results in Mg II, as well as inferred
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accretion rates consistent with simulations and previous observations of Mg II (e.g. Bouché
et al. 2012; Kacprzak et al. 2012; Bouché et al. 2013). Hodges-Kluck et al. (2016) use X-
ray measurements of O VII to detect a rotating hot halo around the MW (though with a
large misalignment angle) that contains as much angular momentum as the stars. Taken all
together, these observational results are at least qualitatively consistent with our measure-
ments of the CGM’s angular momentum in TNG100. There are discrepancies though, such
as the rotational velocity inferred by Hodges-Kluck et al. (2016) of ∼ 180 km s−1, which is
much larger than our measured hot gas rotational velocities in TNG100. However, a more
careful comparison to observations is necessary to properly address this, which we defer to
a future chapter.
3.5 Summary
We have calculated and characterized the angular momentum of the CGM in the TNG100
simulation. We focus on the smooth CGM, namely halo gas excluding the ISM (i.e. outside
twice the stellar half-mass radius of the galaxy) as well as satellites, and in particular on
z = 0 MW-mass halos. Our main conclusions are as follows:
1. The total specific angular momentum of the smooth CGM around galaxies with high
stellar spin (high-j∗) is systematically larger and better aligned to the stellar body of
the galaxy than that of the CGM around low-j∗ galaxies, both for hot and cold gas.
The satellite component has a higher specific angular momentum but in general much
less mass than the smooth component.
2. High-angular momentum cold gas around high-j∗ galaxies is distributed in a large
structure that is well aligned with the galaxy plane (defined as the plane perpendicular
to the galaxy angular momentum vector) and has an opening angle of ∼ 30◦. Low-
j∗ galaxies do not have such a structure in their CGM with respect to the galaxy.
However, the spatial distributions of self-alignment of the cold CGM around high-
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j∗ and low-j∗ galaxies are very similar, indicating that the misalignment difference
between the populations is largely due to an overall galaxy-CGM misalignment in the
low-j∗ case, rather than internal structural differences between the CGM of the two
types of galaxies.
3. The spatial angular momentum distribution of the hot CGM is not structurally dif-
ferent between the two galaxy populations, but the hot gas in the CGM of high-j∗
galaxies is systematically better aligned and has a higher magnitude throughout the
halo. Furthermore, the inner half of the hot CGM around high-j∗ galaxies is dominated
by rotation around the galaxy, but the outer half is dynamically very similar to the
same area of the CGM of low-j∗ galaxies.
4. These CGM characteristics are roughly independent of halo mass and redshift for halos
with masses . 1012 M, but for halo masses > 1012 M, the high-j∗−low-j∗ difference
in magnitude is no longer positive, and the difference maps are much noisier. This
is likely due to the increased influence of AGN feedback affecting the properties of
galaxies and halos at these masses.
5. The CGM of high-j∗ galaxies contains outflowing and accreting cold (relative to Tvir)
gas characteristic of galactic fountains, whereas the CGM of low-j∗ galaxies has no
significant cold outflows. This points to stronger gas mixing and, thus, a stronger
dynamical connection between the galaxy and the CGM of high-j∗ galaxies.
6. The precise form and parameters of the galactic wind feedback model can affect the
angular momentum properties of the CGM, but the misalignment angle difference be-
tween the CGM of high-j∗ and low-j∗ galaxies is always present, suggesting its existence
results from cosmic gas accretion and, thus, is a fundamental part of galaxy formation.
We find our results to be qualitatively consistent with recent studies of rotation in the
CGM, both for other simulations run with different subgrid models (EAGLE) and observa-
tions using quasar sightlines. Future work is necessary to elucidate the origins of the angular
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momentum trends we see and whether they are primarily set by cosmic inflows, feedback,
or both in tandem. Nevertheless, the robustness of the trends across large ranges of halo
mass and cosmic time emphasizes the important role the CGM’s angular momentum has on
galaxy evolution.
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Chapter 4: A Comparison of Circumgalactic Mg ii
Absorption between the TNG50 Simulation and the
MEGAFLOW Survey
Led through the mist / By the milk-light of moon / All that was lost is
revealed
— The Blasting Company, Over the Garden Wall OST
4.1 Introduction
The accretion of gas onto disk galaxies is a fundamental part of galaxy formation and evo-
lution, as gas within disks is continually used to form stars and must therefore be regularly
replenished (e.g., Putman 2017). All such gas, whether pristine gas from cosmological inflows
or recycled gas in the process of reaccreting, must pass through the local environment sur-
rounding galaxies, often called the circumgalactic medium (CGM). The CGM might contain
a substantial amount of angular momentum as shown by many studies of galaxy simulations
(e.g. Stewart et al. 2011; Danovich et al. 2015; DeFelippis et al. 2020). As the gas accretes
onto the galaxy, the angular momentum will flow inwards too, meaning the CGM is a source
not just of the mass of the disk, but its angular momentum as well.
Not all gas surrounding galaxies is inflowing though: the CGM also contains outflowing
gas ejected from the galaxy by feedback from supernovae and active galactic nuclei (AGN),
which is capable of affecting the way in which CGM gas eventually joins the galaxy (DeFelip-
pis et al. 2017). All of these physical processes occur concurrently and result in a multiphase
environment shown in observations to have complex kinematics (see Tumlinson et al. 2017,
and references therein).
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A large number of recent observations of the CGM have been accomplished through ab-
sorption line studies of background quasars through dedicated surveys (e.g. Liang & Chen
2014; Borthakur et al. 2015; Kacprzak et al. 2015). For instance, some surveys are con-
structed by cross-correlating quasar absorption lines with spectroscopic redshift surveys such
as the Keck Baryonic Structure Survey (KBSS: Rakic et al. 2012; Rudie et al. 2012; Turner
et al. 2014) or with photometric surveys like SDSS (Huang et al. 2016; Lan & Mo 2018; Lan
2020). Other CGM surveys attempt to either match individual absorption lines to known
galaxies (i.e. are “galaxy-selected”), like the COS-Halos (e.g. Tumlinson et al. 2011; Werk
et al. 2013; Borthakur et al. 2016; Burchett et al. 2019), COS-LRG (Chen et al. 2018; Za-
hedy et al. 2019), and the low-redshift Keck surveys conducted at Keck Observatory (Ho
et al. 2017; Martin et al. 2019b), or match galaxies near known absorbers (i.e. “absorber-
selected”) such as the MusE GAs FLOw and Wind survey (MEGAFLOW: Schroetter et al.
2016, 2019, 2021; Wendt et al. 2021; Zabl et al. 2019, 2020, 2021). In these surveys, there
is generally only one quasar sightline per galaxy, but in certain rare cases it is possible to
find multiple sightlines associated with a single galaxy through multiple quasars (Bowen
et al. 2016), a single multiply-lensed quasar (Chen et al. 2014a; Zahedy et al. 2016; Kulkarni
et al. 2019), an extended lensed quasar (Lopez et al. 2018), or even an extended background
galaxy (Diamond-Stanic et al. 2016).
The Mg ii ion has been a focus of many recent surveys including the Mg ii Absorber-
Galaxy Catalog (MAGIICAT: Chen & Tinker 2008; Chen et al. 2010a; Nielsen et al. 2013,
2015), the Magellan MagE Mg ii (M3) Halo Project (Chen et al. 2010a,b; Huang et al. 2021),
the MUSE Analysis of Gas around Galaxies Survey (MAGG: Dutta et al. 2020), the PRIsm
MUlti-object Survey (PRIMUS: Coil et al. 2011; Rubin et al. 2018), and the aforementioned
MEGAFLOW survey, as well as individual absorbers (e.g. Lopez et al. 2020). These studies
belong to a long history of Mg ii λ2796 absorption line surveys (e.g. Bergeron & Boissé 1991;
Bergeron et al. 1992; Steidel & Sargent 1992), which unveiled the first galaxy-absorber pairs
at intermediate redshifts. Though not the focus of this chapter, Mg ii has also been seen in
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emission in extended structures around the galaxy and in the CGM (e.g. Rubin et al. 2011;
Rickards Vaught et al. 2019; Rupke et al. 2019; Burchett et al. 2021; Zabl et al. 2021).
Along with this wealth of Mg ii observations, researchers in recent years have found Mg ii
kinematics to be correlated over large spatial scales. In particular, both Bordoloi et al. (2011)
and Bouché et al. (2012) found a strong dependence of Mg ii absorption with azimuthal angle:
specifically, more absorption near φ = 0◦ and 90◦ and a lack of absorption near 45◦. This type
of absorption distribution is generally interpreted as bipolar outflows along the minor axis
and inflows along the major axis. In this context, both galaxy-selected (e.g. Ho et al. 2017;
Martin et al. 2019b) and absorption-selected Mg ii studies (e.g. Kacprzak et al. 2012; Bouché
et al. 2013, 2016; Zabl et al. 2019) have given support to the interpretation of accretion of gas
from the CGM onto the galaxy. These Mg ii studies show that when sightlines are located
near the major axis of the galaxy there are clear signatures of corotating cold gas with respect
to the galaxy kinematics.
However, despite such extensive observational data, developing a general understanding
of cold gas in the CGM from the Mg ii line alone remains difficult due to the limited spatial
information provided by the observational technique (though IFU mapping of lensed arcs in
e.g. Lopez et al. 2020, Mortensen et al. 2021, and Tejos et al. 2021 can improve this in the
future), as well as the fact that Mg ii gas may not be representative of the entire cold phase
of the CGM. To study more physically fundamental properties of the CGM, it is therefore
necessary to turn to galaxy simulations.
In cosmological simulations (see Vogelsberger et al. 2020 for a review), the CGM has been
notoriously difficult to model accurately due to the need to resolve very small structures (e.g.
Hummels et al. 2019; Peeples et al. 2019; Suresh et al. 2019; Corlies et al. 2020). Nonetheless,
the CGM has been shown to preferentially align with and rotate in the same direction of
the galaxy, especially near the galaxy’s major axis (Stewart et al. 2013, 2017; Ho et al.
2019; DeFelippis et al. 2020), which is qualitatively consistent with observations in the same
spatial region of the CGM (e.g. Zabl et al. 2019). However, this general qualitative agreement
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between simulations and observations is difficult to put on firm grounds quantitatively due
to the inherent differences between observations and simulations.
In this chapter, we analyze a set of halos from the TNG50 simulation (Nelson et al. 2019;
Pillepich et al. 2019) using the Trident tool (Hummels et al. 2017) to model the ionization
state of the CGM and then perform a quantitative comparison of the kinematics of the cool
(T . 3×104 K) CGM traced by Mg ii to major-axis sightlines from the MEGAFLOW survey
(Zabl et al. 2019) while attempting to match the observational selection criteria as described
in Section 4.2. We note that our comparison to MEGAFLOW galaxies with stellar masses
M∗ ∼ 1010 M is complementary to that of Nelson et al. (2020) who study the origins of
cold CGM gas of very massive galaxies (M∗ > 1011 M).
The chapter is organized as follows. In Section 4.2, we describe the TNG50 simulation and
MEGAFLOW sample used in the comparison, and we outline the analysis pipeline used to
generate mock observations. In Section 4.3, we describe our main results, first by comparing
the simulated and real observations, then by analyzing the features of the simulation that give
rise to the properties of the mock observations. In Section 4.4, we discuss the implications




We utilize the TNG50 simulation (Nelson et al. 2019; Pillepich et al. 2019), the highest
resolution version of the IllustrisTNG simulation suite (Marinacci et al. 2018; Naiman et al.
2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel et al. 2018), which is itself based
on the original Illustris simulation (Vogelsberger et al. 2014b,a). TNG50 evolves a periodic
≈ (52 Mpc)3 box from cosmological initial conditions to z = 0 with the moving-mesh
code Arepo (Springel 2010; Weinberger et al. 2020). It has a baryonic mass resolution of
∼ 8.5 × 104 M per cell, which is a factor of ≈ 16 better than the resolution of TNG100.
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We discuss the effect of simulation resolution on our results later in Section 4.3.
4.2.2 Observational Data
The MEGAFLOW survey (Bouché et al., in prep.) consists of a sample of 79 Mg ii
λλ2796, 2803 absorbers in 22 quasar lines-of-sight observed with the Multi-Unit Spectroscopic
Explorer (MUSE: Bacon et al. 2006). The quasars were selected to have at least three Mg ii
absorbers from the Zhu & Ménard (2013) SDSS catalog in the redshift range 0.4 < z < 1.4
such that the [O ii] λλ3727, 3729 galaxy emission lines fell within the MUSE wavelength
range (4800− 9300 Å). A threshold on the rest-frame equivalent width of ∼ 0.5− 0.8 Å was
also imposed on each absorber.
For this chapter, we focus on a preliminary subset of the MEGAFLOW sample of Mg ii
absorber-galaxy pairs whose quasar location is positioned within 35◦ of the major axis of
the host galaxy (Zabl et al. 2019). This subset consists of nine absorber-galaxy pairs with
redshifts 0.5 < z < 1.4 and impact parameters (b) ranging from 13 − 65 kpc with a mean
of ≈ 34 kpc. Zabl et al. (2019) found that the Mg ii gas in these absorbers show a strong
preference for corotation with their corresponding host galaxies.
The galaxies in Zabl et al. (2019) are both fairly isolated by having at most one companion
within 100 kpc, and star-forming with [O ii] fluxes fO ii > 4 × 10−17 erg s−1 cm−2, i.e. star-
formation rates & 1 M yr−1. The galaxies have stellar masses M∗ ranging from 109.3 −
1010.5 M and halo masses Mvir ranging from ≈ 1011.4 − 1012.2 M, where Mvir is defined
from the stellar mass-halo mass relation from Behroozi et al. (2010). As Zabl et al. (2019)
show, these halo masses generally match the Bryan & Norman (1998) definition of Mvir.
4.2.3 Sample selection and forward-modeling
Figure 4.1 shows the central galaxies’ instantaneous star formation rates (SFR) and
stellar masses of all TNG50 halos in and around the mass range of interest. Since we aim to
compare the Mg ii absorption properties of mock line-of-sight (LOS) observations through
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Figure 4.1: Star formation rate of the central galaxy vs. halo mass for all TNG50 halos
between 1011 M and 1013 M at z = 1. Each point is colored by the stellar mass of the
halo’s central galaxy. Two thick vertical lines demarcate the halo mass range of the fiducial
sample.
TNG50 halos to those of major-axis sight-lines of the MEGAFLOW survey, we first select a
sample of simulated halos at z = 1 in the mass range 1011.5 M < Mhalo < 1012 M using
the Bryan & Norman (1998) definition for Mhalo, which results in a sample of 495 halos. In
the remainder of this chapter, we will refer to this sub-sample as the “fiducial” sample. The
chosen redshift is typical for the Zabl et al. (2019) sample and the halo mass range covers the
typical inferred virial masses of their halos. Nearly all of the halos in our fiducial sample host
central galaxies with SFR & 1 M yr−1 and stellar masses of ∼ 1010 M, which is consistent
with the MEGAFLOW sub-sample as described in Section 4.2.2.
For each halo, we adjust all velocities to be in the center-of-mass frame of the stars in
the central galaxy, and we rotate it so that the stellar specific angular momentum of the
central galaxy points in the +z-direction (the x and y directions are both arbitrary). With
this geometry we then define a sightline in the x − z plane by the impact parameter b, the
azimuthal angle α, and the inclination angle i, where b is the projected distance from the
center of the galaxy in the y− z plane (i.e. “sky”-plane), α is the angle above the rotational
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plane of the galaxy, and i is the angle of the sightline with respect to the sky-plane. In this
setup, edge-on and face-on views have i = 90◦ and i = 0◦ respectively (see Figure 1 of Zabl
et al. 2019 for a sketch of the geometry described here). In order to mimic the observations
of Zabl et al. (2019), we select sightlines through each halo at values of b ranging from 15 kpc
to 60 kpc, α = 5◦ and 25◦, and at i = 60◦, representing the average inclination angle of a
random sightline.
In order to generate observations of our TNG50 sample, we use the Trident package
(Hummels et al. 2017), which calculates ionization parameters for outputs of galaxy simula-
tions using properties of the simulated gas cells and Cloudy (Ferland et al. 2013) ionization
tables. These tables take as input the gas temperature, density, metallicity, and cosmological
redshift of each gas cell and provide ionization fractions and number densities of desired ions.
We make use of the current development version of Trident1 (v1.3), which itself depends
on the current development version of yt2 (v4.0). In this chapter, we use a set of ion tables
created assuming collisional ionization equilibrium, photoionization from a Faucher-Giguère
et al. (2009) UV background, and self-shielding of neutral hydrogen (for details see Emerick
et al. 2019 and Li et al. 2021), as this was the background radiation model used to evolve
the TNG50 simulation. We also use the elemental abundance of magnesium in each gas cell
tracked by the simulation rather than assuming a constant solar abundance pattern through-
out the halo to achieve greater self-consistency with TNG50. We note, however, that our
results are not particularly sensitive to either of these choices.
Since our focus is on the Mg ii λ2796 line, we show in Figure 4.2 a temperature-density
phase diagram of the gas in one of the TNG50 halos from our sample, colored by the Mg ii
mass probability density. From this plot, it is clear that Mg ii is mostly formed from the
coldest (. 104.5 K) and densest (& 0.01 cm−3) gas in the halo, though some Mg ii mass exists
at a larger range of temperatures and densities. However, contours showing the total gas mass
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Figure 4.2: Temperature-number density phase diagram of a single TNG50 halo at z = 1,
colored by the Mg ii mass probability density per dex2. Contours show the distribution of
all gas mass in the halo.
diffuse “hot” phase, comparable in mass to the cold phase, contributes to Mg ii absorption.
We also note here that for this analysis we are excluding star-forming gas as its temperature
and density are defined using an effective equation of state (Springel & Hernquist 2003)
and are therefore not analogous to the physical properties of non-star-forming gas. Properly
modeling the physical properties of the star-forming gas (see Ramos Padilla et al. 2021 for an
example of this technique) introduces a level of complexity not necessary for this analysis:
we find that our results are not affected by the exclusion of this gas since our sightlines




We first present in Section 4.3.1 the results of directly comparing the Mg ii properties
of TNG50 and MEGAFLOW using the analysis described in Section 4.2. Then, we further
analyze the 3D kinematic properties of the Mg ii bearing gas from TNG50 in Section 4.3.2 and
consider evolution of Mg ii absorption properties with halo mass and simulation resolution
in Section 4.3.3.
4.3.1 Comparing TNG50 to MEGAFLOW
In Figure 4.3, we show Mg ii column density maps of a selection of TNG50 halos drawn
from our fiducial sample at z = 1. The halos are aligned so that the angular momentum
vector of the stars in the central galaxy points along the vertical axis: thus, the view is edge-
on. The strongest Mg ii columns are found within and very close to the galaxy, demarcated
by a red circle with a radius of twice the galaxy’s stellar half-mass radius (the same definition
used in DeFelippis et al. 2020). Beyond the galaxy, Mg ii gas consistently appears to both
surround the galactic disk and be very clumpy, but the amount and morphology of such gas
varies greatly. In particular, there is significant variation with azimuthal angle: the highest
Mg ii columns generally appear in the plane of rotation, but strong columns can occur above
and below the disk as well, such as in halo 265 (the bottom left panel of Figure 4.3). Péroux
et al. (2020) found the CGM gas metallicity to vary with azimuthal angle, but interestingly,
they found gas near the major axis to have lower than average metallicity in the halo,
indicating that large Mg ii columns do not necessarily correspond to metal-enriched gas.
High Mg ii columns are much less common in the outer halo (r & 50 kpc), but the presence
of satellite galaxies can populate that region with Mg ii gas, shown most clearly in halo 340
(the bottom right panel of Figure 4.3).
Within our fiducial sample, it is evident that the distribution of Mg ii varies drastically,
presumably due to different halo formation histories. Sightlines through different halos will
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halo 265 halo 271 halo 340
Figure 4.3: Mg ii column density maps of four TNG50 halos from the fiducial halo mass
bin of 1011.5 M < Mhalo < 1012 M at z = 1, aligned so the angular momentum vector of
the stars in the central galaxy points along the vertical axis (i.e. edge-on). The lower limit
of the colorbar is chosen to approximate observational detection limits. The red circle in
each panel is centered on the galaxy and has a radius of twice the galaxy’s stellar half-mass
radius, and the blue scale-bar shows a distance of 50 kpc on the maps. The complexity and
diversity of Mg ii structure in the CGM of similar-mass halos is evident even in this small
sample.
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therefore likely produce different absorption profiles even for sightlines with identical geome-
tries. This highlights the necessity of calculating population averages of Mg ii properties
from TNG50 to compare to MEGAFLOW.
We begin such a comparison with Figure 4.4, which shows the average strength of Mg ii
absorption, represented as the rest-frame equivalent width (EW0) as a function of impact
parameter (b) for our fiducial sample. In this plot, we make an important distinction between
the entire fiducial sample, shown in black, and the subset of “strong absorbers” in red. We
define strong absorbers as sightlines through a halo that produce an absorption spectrum
with EW0 > 0.5 Å (the same as in Zabl et al. 2019). It is this “absorber-selected” subset of
the fiducial sample that is most directly comparable to MEGAFLOW. For easier comparison
to Figure 4.3, we find that sightlines with EW0 = 0.5 Å have Mg ii column densities ranging
from ≈ 1013.5 − 1014.5 cm−2, i.e., just above the lower limit of the colorbar.
At all impact parameters, the average rest-frame EW of the “all absorbers” sample
from TNG50 (black) is smaller than those of MEGAFLOW, as expected given the selec-
tion function. The difference ranges from a factor of only ≈ 3 at b ≤ 20 kpc to a factor
of ≈ 30 at 60 kpc. If, instead, we compare the average EW0 of the strong absorber subset
(EW0 > 0.5 Å) from TNG50, which is the appropriate comparison to make, we find the
mean shown in red. This is much more similar to the values from MEGAFLOW, especially
for b ≥ 40 kpc, but it is still as much as a factor of ≈ 2 lower than the observed values at
b ≤ 20 kpc. However, the limited size and large scatter of the MEGAFLOW points from
Zabl et al. (2019) make it difficult to assess the precise level of disagreement with TNG50.
Sightlines at α = 5◦ (solid) and α = 25◦ (dotted) produce essentially identical equivalent
widths over both the entire fiducial sample and the subset of strong absorbers. With the
two additional dashed lines in Figure 4.4 we provide a point of comparison to larger samples
of moderate-redshift Mg ii absorbers from Nielsen et al. (2013) and Lundgren et al. (2021).
Though both of these samples have a slightly smaller equivalent width threshold than Zabl
et al. (2019) (≈ 0.2 − 0.3 Å) and no selection based on the geometry of the sightline, they
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Figure 4.4: Mean Mg ii equivalent widths of halos in our fiducial sample vs. the impact
parameter of sightlines through those halos. Black and red lines and corresponding shaded
regions show mean and ±1σ scatter of all halos and the subset of strong absorbers (EW0 >
0.5 Å) respectively. Sightlines at a constant azimuth angle of α = 5◦ and 25◦ are shown with
solid and dotted lines respectively. Observations of individual accretion systems from Zabl
et al. (2019) are shown as green squares. The fraction of strong absorbers as a function of
impact parameter (blue) is shown with the right vertical axis. The cyan and orange dashed
lines are log-linear fits of z ∼ 1 Mg ii absorbers from Nielsen et al. (2013) and Lundgren
et al. (2021) respectively.
still bracket both the Zabl et al. (2019) absorbers and the strong absorbers from TNG50,
indicating that these simulated Mg ii EWs are also consistent with observed Mg ii EWs in
general, given the large scatter.
The blue lines in Figure 4.4 show the fraction of all sightlines that host strong absorbers
as a function of impact parameter. At sightlines very close to the galaxy (b = 15 kpc),
strong absorbers are common and in fact represent a majority of all halos. However, by b =
20 kpc the strong absorber fraction drops below 50%, and at the largest impact parameters
shown, the fraction is only ≈ 1%. Strong absorbers are slightly more common at α = 5◦
compared to α = 25◦, which can be understood by noting that the sightlines with smaller α
pass through the disk midplane closer to the galaxy’s center, where gas is generally denser.
However, this difference in strong absorber fraction does not affect the measured equivalent
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Figure 4.5: Mg ii covering fraction of our fiducial sample as a function of impact parameter
for sightlines with α = 5◦ (blue), α = 45◦ (orange), and α = 85◦ (green). Solid and dashed
lines show sightlines that are edge-on and inclined at i = 60◦ respectively.
widths, indicating that the TNG50 halos’ agreement with MEGAFLOW for sightlines near
the galaxies’ major axes is not subject to the precise geometries of the sightlines.
In Figure 4.5, we examine how Mg ii EWs vary throughout the entire halo in TNG50, not
just near the major axis, and we find a clear trend: at all impact parameters we study, the
mean EW of a perfectly edge-on sightline decreases as the azimuth angle of that sightline
α increases. Sightlines near the minor axis (green) have EWs at least 0.35 dex smaller
than sightlines near the major axis (blue), and sightlines between both axes (orange) have
EWs between the values at both axes. This represents a disagreement between TNG50 and
Mg ii observations, which are generally observed to have a bimodal distribution of α near
0◦ and 90◦ and a lack of absorption near 45◦ (Bordoloi et al. 2011; Bouché et al. 2012).
The distribution of α in TNG50 is clearly peaked at small α, implying that TNG50 is not
producing the same kind of Mg ii that is inferred to be outflowing in observations. It is
also clear that this azimuthal angle dependence is very sensitive to the inclination angle of
the sightline because it nearly disappears when the sightlines are inclined at an angle of
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60◦ with respect to the axis of rotation (dotted lines in Figure 4.5), as would be typical for
observations. This sensitivity indicates that most Mg ii absorption in TNG50 comes from a
gas in the vicinity of the disk midplane, where we have already seen (Figure 4.4) that TNG50
is consistent with observations. Therefore, for the remainder of this chapter we restrict our
observational comparison to sightlines near the major axis.
Having established the degree of consistency of Mg ii equivalent widths, we now examine
kinematic signatures of Mg ii along sightlines in TNG50 and compare them to MEGAFLOW.
In Figure 4.6, we explicitly draw the connection between the Mg ii gas cells that contribute
to the column densities seen in Figure 4.3 and the velocity spectrum created from a subset of
those cells that intersect a sightline through the halo. In each row, we show two orientations
of one of the four halos from Figure 4.3 overlaid with a sightline with b = 30 kpc, α = 5◦,
and i = 60◦, and the Mg ii velocity spectrum generated from that sightline. From these few
examples it is clear that the gas producing the Mg ii absorption is generally not distributed
uniformly along any sightline: it is usually concentrated in discrete clumps in regions of the
sightline nearest to the galaxy. This is seen clearly in rows one, two, and four of Figure 4.6,
where the majority of gas cells have positive LOS velocities (i.e. corotating with the galaxy)
and produce distinct kinematic components in the spectrum that are often saturated.
It is also notable that by comparing the spectra alone it is possible to distinguish morpho-
logical differences in the Mg ii distribution between halos. The first two halos, for example,
have a prominent Mg ii disk that both spectra reveal to be primarily corotating. The halo in
row three, however, does not have such a clear disk, and the spectrum is instead composed
of a cluster of counter-rotating gas cells significantly above the plane of the galaxy. The halo
in row four has a spectrum with substantial corotating and counter-rotating components,
which imply Mg ii structure in between the ordered halos (rows one and two) and disordered
ones (row three). With this small sample, we have demonstrated that the velocity spectrum,
despite being composed of a very small fraction of all of the Mg ii gas, is capable of reflecting









































































































































b = 30, = 5 , i = 60
Figure 4.6: Each row contains two Mg ii column density maps of a halo from Figure 4.3
projected along the vertical (left) and a horizontal (middle) axis. A sightline at b = 30 kpc,
α = 5◦, and i = 60◦ is overlaid along with gas cells that intersect that sightline and have
a Mg ii column density of at least 1012 cm−2, which accounts for > 95% of the Mg ii mass
along those sightlines. The Mg ii gas cells and the resulting flux-normalized velocity spectrum
(right) are colored by the velocity along the line of sight normalized by Vvir sin(i), where Vvir
is the virial velocity of the halo. Dashed circles show twice each galaxy’s stellar half-mass
radius.
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sistent between halos with similar morphologies. Later in the chapter, we consider whether
the Mg ii gas reflects the kinematics of other components of the CGM.
From these results, we now compare stacked spectra from the fiducial sample to the
stacked spectra presented in Zabl et al. (2019). Figure 4.7 shows stacked spectra for the entire
TNG50 fiducial sample (black), TNG50 strong absorbers (red), and the absorbers from Zabl
et al. (2019) (green). The two panels correspond to two different impact parameters which
allows a comparison between absorbers nearer to a galaxy and farther from a galaxy. In the
left panel, showing stacked spectra at small impact parameters, there is a very clear kinematic
picture. The strong absorber spectrum from TNG50 is symmetric, centered at ≈ 0.6Vvir,
and has a full width at half maximum (FWHM) of 1.2Vvir, the same as the spectrum of
Zabl et al. (2019). Thus, qualitatively, strong Mg ii absorbers as a population generally have
LOS velocities in the same direction as their corresponding galaxies’ rotations. One slight
difference with the stacked spectra for strong absorbers is that the TNG50 spectrum (red)
is somewhat shallower than the observed spectrum (green). However, there is essentially
no difference between TNG50 spectra generated from sightlines at the two azimuthal angles
α = 5◦ (solid line) and 25◦ (dotted line).
In Figure 4.7 (left), the only difference between the full fiducial spectrum and the strong
absorber-only spectrum is the depth, indicating that, as a population, strong absorbers
are not kinematically distinct from absorbers in general at this impact parameter. The
precise reason for the discrepancy in the depth is difficult to determine, but it may be
sensitive to certain parameters in the TNG physics model (e.g. metal-loading of outflows
from supernovae). However, it could also be an effect of simulation resolution (see Section
4.3.3). So, while TNG50 potentially slightly underproduces the observed amount of Mg ii
gas at 20 kpc, it does possess average kinematics that are consistent with observations of
the same region of the CGM.
Figure 4.7 (right) compares the stacked spectra at a larger impact parameter (b = 40 kpc).
The strong absorbers from TNG50 and MEGAFLOW (Zabl et al. 2019) are both shallower,
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Figure 4.7: The stacked Mg ii velocity spectra for the full fiducial TNG50 sample (black)
and the subset of strong absorbers (red) for sightlines with α = 5◦ (solid) and 25◦ (dotted),
and b = 20 kpc (left) and 40 kpc (right). Spectra are normalized by Vvir sin(i), where Vvir
is the halo’s virial velocity. The green line in each panel is the stacked spectrum of the 4
smallest (left) and largest (right) impact parameters from Zabl et al. (2019), and the green
shaded region is an estimate of the error from bootstrapping.
wider (FWHMs of 1.3Vvir and 2Vvir respectively), no longer symmetric, and significantly
noisier, though both are still approximately centered at a velocity on the order of Vvir/2. At
this impact parameter, the depths of the simulated strong absorber and observed spectra
are consistent with each other. However, strong absorbers no longer kinematically resemble
the full fiducial sample: in addition to being much rarer at 40 kpc than at 20 kpc, the
strong absorbers have larger positive velocities, indicating that Mg ii in this region is tracing
atypically faster moving gas. As was the case at 20 kpc, the difference in the spectra between
the two azimuth angles is minor. We also note here, but do not show, that the shapes
and depths of individual spectra from Zabl et al. (2019) match quite well with particular
individual spectra from the much larger fiducial sample from TNG50 (examples of individual
spectra from TNG50 are shown in Figure 4.6).
4.3.2 3D Kinematics of Mg ii in TNG50
In this section, we characterize the three-dimensional kinematics of the Mg ii gas in
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all > 45 < 45
Figure 4.8: Mean mass-weighted velocity profiles of the spherical phi-component (vφ, top)
and r-component (vr, bottom) for cold gas (blue), hot gas (red) and Mg ii gas (black) in
spherical bins. Velocity is given in km s−1 and as a fraction of the virial velocity. A temper-
ature of 3 × 104 K is used to separate “cold” and “hot” gas. Profiles are shown for gas in
the entire halo (solid), gas with α > 45◦ (dotted), and gas with α < 45◦ (dashed). Shaded
regions show the ±1σ-scatter of the solid lines and are of similar size for all profiles.
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average velocity profiles of the halos in the fiducial sample in Figure 4.8. The top panel shows
the azimuthal velocity component (vφ) in spherical coordinates as a function of radius. We
divide gas into cold and hot components based on a temperature threshold of 3×104 K, which
is chosen to separate the cold and hot clusters seen in Figure 4.2, although the profiles are not
sensitive to the precise choice of temperature threshold. To understand the relationship of
the hot and cold gas to Mg ii-bearing material we also show the Mg ii mass-weighted profiles.
First, we see that the Mg ii gas and the cold gas have nearly identical vφ profiles through-
out the halo. In the innermost regions of the CGM (15− 20 kpc), the cold gas has a mean
azimuthal velocity of 80 km s−1 (≈ 0.6Vvir), while in the outermost regions (90 − 100 kpc),
the mean azimuthal velocity decreases to 20 km s−1 (≈ 0.15Vvir). At all radii, the ±1σ-
scatter is quite large (≈ 100 km s−1), though the standard errors on this and all other mean
velocities in Figure 4.8 range from only 1 − 3 km s−1. Though not explicitly shown, most
of the cold and Mg ii gas mass is closer to the major rather than the minor axis because
the all-α profiles are much more similar to the α < 45◦ (dashed) profiles than the α > 45◦
(dotted) profiles. Hot gas has lower azimuthal velocities at all radii, a slightly shallower slope
to its profile, and a smaller scatter in azimuthal velocity by a factor of ≈ 2, but is otherwise
qualitatively similar to the cold and Mg ii gas. This relationship between hot and cold gas is
consistent with similar measurements of vφ made from TNG100 in DeFelippis et al. (2020).
In the radial velocity profiles (Figure 4.8, bottom), we see a gulf between the velocities of
the hot and cold gas develop within 90 kpc. Above this radius, the average radial velocities
of all components of the gas converge to −20 km s−1 (≈ 0.15Vvir), though the spread of
radial velocities in this region of the CGM is very large, especially for cold gas (±1σ-scatter
of 120 km s−1). Moving towards smaller radii, the cold gas inflow velocities become larger,
while hot gas inflow velocities decrease and then switch to a net outflow at 50 kpc. The
Mg ii gas still traces the cold gas, which reaches typical inflowing velocities of 45−50 km s−1
in the inner CGM out to r = 40 kpc, where the spread in radial velocities is a factor of
2 smaller than in the outer halo. The geometry of accretion and outflows is evident from
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Figure 4.9: Stacked Mg ii velocity spectra for the full fiducial TNG50 sample at a single
sightline. The contributions of the three spherical components of velocity – vr (dotted red),
vφ (dashed green) and vθ (dot-dashed blue) – are shown, as well as the spectrum created
from the total velocity (solid black).
this panel as well: hot gas has especially large mean outflowing velocities for α > 45◦ while
cold gas in the same region has a mean inflowing velocity in the inner halo and nearly no
net radial motion in the outer halo. Most of the cold and Mg ii gas mass is moving towards
the galaxy in regions surrounding the major axis out to a substantial fraction of the virial
radius. It is also clear that kinematically, Mg ii gas in TNG50 is nearly identical to a simple
cut on temperature and so is an excellent tracer of the kinematics of cold CGM gas. In the
context of Section 4.3.1, these results indicate that mock Mg ii spectra are representative of
the entire cold phase of the CGM along the same sightlines.
Finally, we examine the 3D velocities of the Mg ii gas along our sightlines. In Figure 4.9,
we plot stacked spectra for Mg ii using the three spherical velocity components individually
(r, θ, and φ), and compare those to the spectrum generated with the full velocity of our
fiducial sample of halos. Both the r and θ component spectra are centered at 0 km s−1,
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indicating that over the entire sample they do not contribute any net velocity shift to the
gas along the sightlines. The spectrum of the φ component is remarkably similar to the
spectrum of the entire velocity, both in terms of velocity shift and width. This means
that for our fiducial sample, the shape of the stacked velocity spectrum along sightlines is
completely determined by only the φ (i.e. rotational) component of the velocity along those
sightlines.
4.3.3 Effects of halo mass and resolution on Mg ii in TNG50
We now describe how our main results vary with halo mass and mass resolution. To
study the effect of halo mass, we consider two mass bins containing halos from TNG50 with
1011 M < Mhalo < 1011.5 M and 1012 M < Mhalo < 1012.5 M at z = 1, which are above
and below the fiducial mass range and contain 1130 and 167 halos respectively. As in Section
4.3.1 we calculate Mg ii equivalent widths and generate velocity spectra which we show in
Figure 4.10. For easier comparison, we also show the TNG50 fiducial sample.
As shown in the left panel of Figure 4.10, at a given impact parameter, the shape of
the equivalent width distribution changes with halo mass: lower halo masses (cyan) are
much more likely to host weak or non-absorbers than higher halo masses (magenta), and
they are much less likely to host strong absorbers. We find this trend to hold at all impact
parameters studied in this chapter. We can see the effect on observability with the vertical
lines in this panel, which show the mean equivalent widths of the strong absorbers in each
mass bin. Typical strong absorbers in the fiducial sample have only slightly larger equivalent
widths than those those at lower halo masses, but are substantially weaker than the strong
absorbers at higher halo masses. At larger impact parameters, the mean equivalent widths of
all strong absorbers is ≈ 0.8 Å but they are exceedingly rare in lower mass halos. Thus, the
primary effects of increasing halo mass on strong absorbers are to increase their occurrence
at all impact parameters, especially at large distances, and to increase the mean equivalent
width of strong absorbers for halo masses & 1012 M. We note that this result is qualitatively
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Figure 4.10: Left: rest-frame equivalent width distribution of the TNG50 fiducial sample
(solid black), lower-mass halos with 1011 M < Mhalo < 1011.5 M (cyan), higher-mass halos
with 1012 M < Mhalo < 1012.5 M (magenta) and the same mass halos from TNG100
(dotted black) at the same sightline of b = 20 kpc, α = 5◦, and i = 60◦. The mean EW0
of the strong absorbers in each halo mass bin is shown with a translucent vertical line of
the same color. Right: Stacked velocity spectra of the same halo samples with velocities in
km s−1.
consistent with Chen et al. (2010b) who find a larger Mg ii extent in the CGM of higher-mass
galaxies.
Also shown in the left panel of Figure 4.10 is the equivalent width distribution of 4315
halos with the same mass as the fiducial sample from the TNG100 simulation, which has a
lower baryonic mass resolution than TNG50 by a factor of ∼ 16. Decreasing the simulation
resolution lowers equivalent widths overall and steepens the distribution in the same way as
decreasing the halo mass does, but the effect is weaker. The mean equivalent width of strong
absorbers is largely unaffected by the change in resolution.
In the right panel of Figure 4.10 we examine the effect of halo mass and resolution on
the observed Mg ii spectrum of strong absorbers. We note that the spectra of the entire
samples, as in Figure 4.7, have the same shape and center as their corresponding strong
absorber subset, but are substantially shallower. We also plot the real velocity rather than
the normalized velocity to emphasize the difference in equivalent widths, which can be more
easily read off.
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We see that the fiducial and lower-mass bins have remarkably similar spectra: they are
both symmetric and centered at moderate positive velocities. The spectrum of the higher-
mass bin is markedly different: it is much broader, asymmetric, and centered at a significantly
higher velocity. It still, however, shows a preference for Mg ii gas to be corotating. We note
that the difference between Figure 4.10 as shown and the corresponding velocity-normalized
spectrum (not shown) is that the normalized higher-mass spectrum is compressed slightly
and therefore appears more similar to the normalized fiducial spectrum. Additionally, while
the lower-mass and fiducial spectra are both centered at ≈ 0.5Vvir, the higher-mass spectra
is peaked at ≈ Vvir. Higher halo masses (& 1012 M) thus have substantially more Mg ii
absorption and more complex kinematic signatures than for the halo masses of the fiducial
sample and lower.
Finally, we consider the difference that resolution makes in the Mg ii absorption spectrum.
As was the case with equivalent widths, the difference caused by resolution is smaller than
the difference caused by either increasing or decreasing the halo mass. Apart from a slight
change in the depth of the spectrum, the kinematic properties of strong absorbers in TNG are
essentially resolution independent (see solid vs. dotted curves in Figure 4.10 for TNG50 and
TNG100 respectively). The effect of increasing the resolution of the simulation is therefore
primarily to increase the occurrence of strong absorbers at a given halo mass.
4.4 Discussion
4.4.1 The Role of Mg ii in TNG
We consider here the ramifications of the detailed analysis of Mg ii in TNG from Section
4.3. In Figure 4.8, we found that Mg ii gas is very well approximated by a simple temperature
cut. Therefore, we expect the angular momentum of cold gas in the CGM of TNG galaxies
should be very similar to that of Mg ii. DeFelippis et al. (2020) found cold CGM gas in halos
of this mass range and redshift to have higher angular momentum when surrounding high-
angular momentum galaxies, meaning Mg ii is likely tracing high-angular momentum gas in
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the CGM of these halos. As the velocity spectrum’s center and shape is almost completely
set by the rotational velocity component (see Figure 4.9), it should therefore be possible
to use Mg ii velocity spectra from sightlines near the major axis to estimate the angular
momentum of cold gas in the CGM.
In Section 4.3.3 we examined possible halo mass and resolution dependencies of our
results with two main goals in mind: to establish any broad effects of the TNG feedback
model on Mg ii, and to determine to what extent the cosmological simulation can capture
Mg ii kinematics. Feedback is known to be important for regulating gas flows into, out of,
and around galaxies, and therefore could have observable signatures in the Mg ii spectra,
especially at different halo masses. The results of the halo mass analysis suggest that for
halos with masses between 1011 M and 1012 M, the physical mechanisms affecting their
CGM are similar enough to result in Mg ii spectra that essentially scale with the halo’s virial
velocity. This is presumably because feedback from supernovae is the dominant form of
feedback that affects the CGM for all halo masses below ∼ 1012 M and produces Mg ii gas
with similar kinematic signatures. For halos above 1012 M however, Mg ii gas has stronger
overall absorption, as reflected by their flatter EW distribution, and substantially larger
velocities and velocity dispersions, as reflected by their very broad velocity spectra. This is
likely due to the dominant form of feedback switching from stars to AGN around this halo
mass. However, within the higher-mass sample, halos with larger black hole masses do not
themselves have broader Mg ii spectra, so there is probably a combination of effects which
result in a noticeable difference in the properties of the spectrum at higher masses.
Nelson et al. (2020) has recently used TNG50 to study the origin of cold Mg ii gas in
the CGM of very massive (M∗ & 1011 M) galaxies and found structures of size a few
×102 pc that are sufficient to explain the observed covering fractions and LOS kinematics.
They also note that while some fundamental properties like the number of cold gas clouds
present in halos are not converged at TNG50’s resolution, the total cold gas mass of such
halos is converged in TNG50. This supports our findings that our kinematic results do not
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qualitatively change even going from TNG50 to TNG100, a factor of ∼ 16 in mass resolution
(Figure 4.10), because the majority of the Mg ii mass is already in the halo by TNG50’s
resolution. We expect higher resolution simulations to produce more strong absorbers at a
given halo mass but the rotation of Mg ii near the major axis appears to be a resolution-
independent aspect of the CGM for MEGAFLOW analogs in the TNG simulations.
Finally, in Figure 4.11, we show the specific angular momentum (j) of different halo com-
ponents as a function of stellar mass of their central galaxies, with the goal of contextualizing
the angular momentum of Mg ii gas (black line) in the CGM in relation to the rest of the
gas in the CGM as well as to the other components of the halo. The slope of this j −M∗
relation for the stellar component of galaxies (purple line) is ∼ 0.6 as generally observed (e.g.
Fall & Romanowsky 2013), and all other components appear to have roughly equal slopes.
Most interesting are the relative positions of the CGM and dark matter (orange line) on this
plane. At a given stellar mass, all components of the CGM have a slightly higher typical j
than that of the dark matter by ∼ 0.2 dex. There are multiple potential reasons for this.
First, galaxies can remove low-angular momentum gas from the CGM by accreting it and
using it to form stars. Second, feedback from stars and/or AGN can also eject low-angular
momentum gas from the halo completely. Finally, dark matter in the halo can transfer some
of its angular momentum to the gas. Regardless, it is clear that Mg ii traces the angular
momentum of the both the cold and hot components of the CGM quite well.
Also shown in Figure 4.11 are two sets of points representing Mg ii gas in individual
halos: the fiducial sample in black and the Zabl et al. (2019) sample in green, for which j
was estimated using their derived rotational velocities. The two are not directly comparable
since the points from Zabl et al. (2019) represent Mg ii gas along a single sightline, yet they
are still able to reproduce the scatter in this relation found in TNG50, though they are
somewhat biased towards higher j. This bias is likely due to the selection in Zabl et al.
(2019) of strong Mg ii absorption near the major axis, which is where high-j cold gas tends
to reside in the CGM as shown in DeFelippis et al. (2020). Nevertheless, from Figure 4.11
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Figure 4.11: Median specific angular momentum vs. galactic stellar mass for the cold (blue),
hot (red), and Mg ii (black) CGM as defined in Figure 4.8, as well as the dark matter halo
(dotted orange) and the stellar component of the galaxy (purple) at z = 1. Unlike previous
figures, medians are calculated using a sample of all halos containing central galaxies with
stellar masses 109 M < M∗ < 1011 M. Shaded regions show the 16th and 84th percentiles
of the distributions of the Mg ii gas (black), which is similar in size to all components except
dark matter (orange) which has noticeably larger scatter. Black points show the Mg ii specific
angular momentum of the halo mass-selected fiducial sample which is biased towards higher
j for M∗ . 109.75. Green squares show estimations for the specific angular momentum of the
major-axis absorbers using inferred rotational velocities from Zabl et al. (2019).
we can conclude that estimations of the angular momentum content of the CGM provided
by single sightlines of Mg ii can get within ∼ 0.5 dex of typical values from TNG50 over a
large range of galaxy masses.
4.4.2 Comparisons to Recent Work
We now highlight results from previous work on Mg ii absorption in observations and
simulations in the context of our results. Observations of Mg ii using sightlines near the
major axis of galaxies have generally found that gas is corotating with the galaxy both for
small impact parameters of < 15 kpc (e.g. Bouché et al. 2016) and large impact parameters
of > 50 kpc (e.g. Martin et al. 2019b). Using a lensed system, Lopez et al. (2020) observed
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multiple sightlines of the same CGM and measured a decreasing Mg ii rotation curve that is
qualitatively similar to Figure 4.8. However, their absorption data only goes out to ≈ 30 kpc.
Our work suggests Mg ii rotation curves should continue to decrease to at least 100 kpc,
though based on the maps in Figure 4.3 the Mg ii column densities at those distances are
significantly below current observational limits.
While this chapter is focused on Mg ii gas near the major axis, there are also recent results
suggesting Mg ii outflows along the minor axis of galaxies with velocities > 100 km s−1
(e.g. Schroetter et al. 2019; Zabl et al. 2020). It is worth noting though that Mortensen
et al. (2021) found a lensed system with Mg ii on the geometric minor axis of the absorber
galaxy with LOS velocities < 100 km s−1 and a large velocity dispersion, indicating that
the kinematics of Mg ii outflows may vary significantly. We showed in Figures 4.5 and 4.8
that Mg ii absorption along the minor axis is weaker than along the major axis, and that
there are no net Mg ii outflows along the minor axis in the TNG fiducial sample. This is a
clear discrepancy with these recent observational results which we defer to a future paper to
examine more closely.
Ho et al. (2020) recently studied similar aspects of Mg ii absorption in the EAGLE
simulation at z ≈ 0.3 and found results broadly consistent with ours. Specifically, they
measure a rotating Mg ii structure around star-forming galaxies as well as a lower detection
fraction of Mg ii near the minor axis. They also find that higher-mass galaxies host detectable
(i.e. above a fixed column density) Mg ii structures out to larger distances in the CGM, which
we indirectly show with the EW distributions in Figure 4.10, where higher-mass halos have
more strong absorbers.
4.5 Summary
We have simulated Mg ii absorption in the CGM of halos from TNG50 comparable to
the major-axis sight-lines observed in the MEGAFLOW survey by Zabl et al. (2019) and
compared absorption and kinematic properties of the two samples. We also examined the
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3D kinematics of the Mg ii in TNG50. Our conclusions are as follows:
1. The equivalent widths of absorber-selected halos (i.e. strong absorbers) from TNG50
match reasonably well with the equivalent widths of major-axis sightlines from Zabl
et al. (2019) (Figure 4.4).
2. A majority of halos are strong absorbers at the smallest impact parameter studied (15
kpc), but the strong absorber fraction drops quickly as a function of distance (Figure
4.4).
3. The stacked velocity spectra of TNG50 strong absorbers match the stacked spectra of
Zabl et al. (2019) very well, thus supporting the physical interpretation of corotation
both below 30 kpc, where the spectra are strongly peaked near∼ 0.5Vvir and symmetric,
and above 30 kpc, where the spectra are similarly peaked but are much noisier, broader,
and asymmetric (Figure 4.7).
4. In TNG50, Mg ii gas has velocity profiles nearly identical to gas below a temperature
cutoff of 3×104 K, meaning Mg ii absorption is a good proxy for cold gas kinematics in
general. There is substantial rotation and typical inflow velocities of up to ∼ 50 km s−1
out to 40 kpc in the CGM (Figure 4.8).
5. The radial and polar velocity components by themselves do not cause any net velocity
shift in the stacked spectrum, which implies that Mg ii absorption kinematics alone
cannot be used to measure typical inflow speeds of rotating gas in the CGM. (Figure
4.9).
6. Mg ii absorption strengths and spectra are stronger and broader for halos more massive
than the fiducial sample of 1011.5 − 1012 M halos but do not change very much for
halos less massive than the fiducial sample. Lowering the resolution from TNG50 to
TNG100 only modestly changes any of the Mg ii kinematic properties (Figure 4.10).
97
7. The median specific angular momentum of the Mg ii component of the CGM as a
function of galactic stellar mass is very similar to that of both cold and hot CGM
gas, and it is larger than that of the dark matter halo and the stars in the galaxy by
∼ 0.2 dex and ∼ 0.8 dex respectively. Estimates of the specific angular momentum
of Mg ii from the Zabl et al. (2019) data are also reasonably close to the values from
TNG50 to within a factor of ∼ 0.5 dex. (Figure 4.11).
This work demonstrates that generating mock Mg ii observations from TNG50 generates
absorption spectra that are comparable to real data. In particular, our results are consis-
tent with the emerging picture of rotating Mg ii gas found in observations and also other
simulations. In future work, we plan to widen our investigation to include other ions that
trace warmer and more diffuse gas, as well as follow gas at particular redshifts backwards
and forwards through time to determine the stability of various ion structures and their role
in transporting angular momentum to or from the galaxy.
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Chapter 5: Preliminary Analysis of the CGM in a TNG100
Subbox
The Cosmic AC said, “there is as yet insufficient data for a
meaningful answer.”
“Will you keep working on it?” asked Man.
The Cosmic AC said, “i will.”
— Isaac Asimov, The Last Question
5.1 Introduction
The work presented in the previous chapters have gone a long way towards characterizing
the angular momentum of the CGM, but they also raise many fundamental questions. In
this chapter, we will present early results of attempts to answer two of these outstanding
questions relating to angular momentum in the CGM. The first comes out of Chapters 2
and 3: namely, what are the physical mechanisms that cause circumgalactic gas to gain and
lose angular momentum over time? The second relates to Chapter 4: how stable are the
rotating structures of Mg ii gas observed at z ≈ 1, and what is the ultimate origin and fate
of rotating circumgalactic Mg ii gas?
The full Illustris and TNG simulations alone will not be able to provide complete answers
to these questions primarily because the time difference between simulation snapshots of
Illustris and TNG is fairly large (≈ 150 Myr). This means that what the cosmological
simulations gain in being able to study many systems simultaneously over a long period of
time, they lose in being able to resolve very detailed, short-timescale physics affecting CGM
gas. For example, many of the wind ejection/reaccretion cycles seen in Chapter 2 occur
on time scales < 150 Myr and are therefore averaged out. Additionally, rotating structures
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of Mg ii gas in the CGM which were found in Chapter 4 to be moving inward towards the
galaxy on average may represent a kind of “steady-state” of galaxy formation (as indeed is
suggested by the presence of similar structures at low and high redshift in Chapter 3), or
they may turn out to develop in many different ways with many different possible outcomes.
The implications for angular momentum transport and evolution in the CGM again require a
“finer comb” than cosmological simulations can generally provide to determine if the average
kinematics at a single time are reflective of detailed galaxy formation in general.
In this chapter, we present early results of an analysis of a so-called “subbox” of TNG100.
This subbox is a small region of the full TNG100 box that has over 70× the number of saved
snapshots as the full box, allowing for much more detailed tracking of gas cells than was
possible in Chapter 2. This analysis represents the first step towards investigating the origins
and detailed physics of the characteristics we have found the CGM to generally contain.
5.2 Methods
This chapter makes use of Subbox-1 from TNG100, which is a cutout of the full TNG100
box that is 0.1% of its volume. Rather than TNG100’s 100 snapshots there are 7908 snapshots
which correspond to a time difference between snapshots of ∼ 2.5 Myr, much less than the
∼ 150 Myr between the snapshots of TNG100. Motivated by the observational comparison
in Chapter 4, we identify halos in the mass range 1011.5 < Mvir < 1012 M at z = 1. Only
a very small fraction of those halos from TNG100 are also contained in this subbox, so we
only show results from one halo which has a virial mass of 6.7× 1011 M and a virial radius
of 136 kpc. We focus on snapshots within ∼ 1 Gyr before and after z = 1 in order to identify
relatively short term evolution of the z = 1 Mg ii structures found in Chapter 4. For this
initial analysis, we only use every fourth snapshot giving us a time difference of ∼ 10 Myr,
still a factor of ∼ 15 better than TNG100 and a factor of ∼ 6 better than a similar kind of
analysis done with the Auriga simulation suite in Grand et al. (2019).
We choose all ≈ 25000 gas tracers that are associated with cold (T < 3 × 104 K) gas
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in this halo’s CGM near the galaxy’s major axis (azimuthal angle α < 45◦) at z = 1, and
we calculate the specific angular momentum of those tracers at previous and subsequent
snapshots using Equation 2.1 as before. Additionally, we select a subset of ≈ 250 tracers
that are at a radius of ≈ 30 kpc in the halo in order to mimic the typical location of gas
observed on the Mg ii mock sightlines in Chapter 4. We note that Subbox-1 does not have
group catalogs or merger trees that allow for following specific galaxies over time, so we
make use of the Subbox Subhalo List from Nelson et al. (2019) in order to keep track of the
galaxy’s position and center-of-mass velocity1.
5.3 Results
First, in Figure 5.1, we examine the evolution of certain properties of the cold z = 1
CGM over 800 total snapshots of the subbox (although we only show every fourth snapshot)
corresponding to 13 full TNG100 snapshots and ∼ 2 Gyr of the halo’s evolution. We show
the mean radius and mean specific angular momentum of the tracer particles, as well as
the fraction of the tracers that are in the cold phase at any given time. We see a clear
overall decreasing trend in the radius (orange) and angular momentum (black) over this
time period, indicating that the z = 1 material originated both further away and with
higher angular momentum. We note that the initial drop in radius before z = 1 is much
steeper than the drop in angular momentum, meaning the degree of rotational support of
this gas (on average) increases substantially. After z = 1, the material continues to lose
angular momentum but does not on average continue to inflow. On this same plot, we also
show these mean quantities for the 1% of the tracers that are at r = 30 kpc at z = 1. The
evolution in radius of the full sample and subset is very similar over the entire time period,
consisting of an initial drop and then a leveling off after z = 1. The angular momentum of
1While the Subbox Subhalo List does keep track of the galaxy’s center, it does not calculate the center
of mass velocity. So, for this analysis we estimate it at each snapshot using vCOM ≈ ∆rminpot/∆t, where
∆rminpot is the change in the galaxy’s position between two consecutive snapshots and ∆t is the time
difference between those two snapshots. We find this approximation to be very accurate for the length of
cosmic time relevant to this study.
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Figure 5.1: The mean specific angular momentum magnitude (black) and mean radius (or-
ange) of tracer particles associated with cold (T < 3× 104 K) gas from a single halo’s CGM
at z = 1 over time. Also shown is the fraction of the tracer particles that are in the cold phase
as a function of time (green). This quantity is equal to 1 at z = 1 by selection. Translucent
and solid lines correspond to tracers at all radii in the CGM and tracers at r = 30 kpc
at z = 1 respectively. Quantities are calculated at every fourth subbox snapshot, and are
shown as dots on the r = 30 kpc lines of the same color. Vertical dotted lines demarcate full
TNG100 snapshots.
the r = 30 kpc subset shows larger increases and decreases and a smaller net change over
the entire time period. In other words, this subset of cold gas evolves more in the short term
rather than gradually.
All of these trends are captured with the time resolution of TNG100, but the angular
momentum, especially for the r = 30 kpc subset, has periods of increase/decrease which are
about as long as the separation between TNG100’s snapshots. While the angular momentum
and radius of the full sample generally track each other over the entire period shown, that
is not always the case, both for momentary increases in one quantity (e.g. specific angular
momentum at ∼ 500 − 250 Myr before z = 1) and for the ≈ 1 Gyr where the radius is
constant (and the angular momentum is not). The two quantities appear to be substantially
less connected for the r = 30 kpc subset of tracers.
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In Figure 5.1 we also show the fraction of tracers in the full sample and the r = 30
kpc subset that are in the cold phase over time. As the tracer selection was made for cold
gas at z = 1, this fraction is equal to 1 by construction at z = 1 for both samples.2 The
two curves are remarkably similar over the entire plot: we see that a majority of the gas
is actually in a warm or hot phase up until about 250 Myr before z = 1 where cooling
appears to accelerate until after z = 1 where gas immediately starts to re-enter the hot
phase. The curves are not symmetric in time however, and a majority of tracers are always
in the cold phase following z = 1. It is particularly interesting that a significant fraction
of the z = 1 cold gas at all radii and at r = 30 kpc is hotter than its z = 1 value both
right before and after z = 1 in light of the Mg ii CGM synthetic observations made using
TNG50 from Chapter 4. This suggests that there is a nearly constant cycling of gas into
and out of these kinds of structures. The apparent rapidity of this process compared to the
snapshot spacing of TNG100 further suggests that there are physical processes happening on
very short timescales worth examining to understand the formation and evolution of these
rotating structures.
Next, in Figure 5.2, we examine angular momentum evolution at an even more granular
level by plotting the specific angular momentum of individual tracer particles from the r = 30
kpc subset over the same period of time. The tracers’ evolution feature much more drastic
changes often over an order of magnitude (note the log scale of Figure 5.2 compared to the
linear scale of Figure 5.1). Some of this evolution is “slow” and captured by TNG100 but
there are often large jumps in the angular momentum magnitude that the TNG100 snapshots
completely miss (e.g. a sudden dip in the purple tracer around 250 Myr after z = 1).
The complex angular momentum evolution of these tracers both before and after z =
1 clearly encourages further and more detailed analysis of other properties to determine
whether there are any associations that might provide a physical explanation for sudden
jumps and dips or long term loss and growth. We show one possible association with tem-
2The apparent equivalence of the two samples’ mean radii at z = 1, however, is coincidental, not by
construction.
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Figure 5.2: The mean specific angular momentum magnitude (black) of tracers at all radii
(translucent) and at r = 30 kpc (solid) over time (same as in Figure 5.1), as well as the
specific angular momentum magnitude of two tracer particles from the r = 30 kpc subset
(blue and purple). Quantities are calculated at every fourth subbox snapshot, and are shown
as dots or triangles on the individual tracer lines of the same color, depending on whether
they are currently in the cold (T < 3× 104 K) or hot (T > 3× 104 K) phase, respectively.
Vertical dotted lines demarcate full TNG100 snapshots.
perature using the markers on the tracer lines in Figure 5.2. It is often the case that the
sudden drops and jumps in a cold tracer’s angular momentum are accompanied by a brief
increase in temperature followed by a return to the cold phase (e.g., the increases in the
blue tracer around 125 Myr and 900 Myr after z = 1). However, the opposite transition also
occurs, such as in the purple tracer right before z = 1 which transitions from hot to cold as
a jump in angular momentum occurs. Furthermore, there are times when jumps display no
significant change in temperature (e.g., in the blue tracer just after 500 Myr before z = 1). It
is also notable that the purple tracer, which experiences larger angular momentum changes,
spends much more of its time in a hotter phase, perhaps indicative of longer timescale con-
nections of temperature and angular momentum. We will be investigating these potential
connections with a much larger sample of tracers in future work.
104










































Figure 5.3: Specific angular momentum vs. radius of the r = 30 kpc subset of cold CGM
gas tracer particles in the halo, plotted at a redshift above (left) and below (right) z = 1.
Points colored blue, gold, and red show gas tracers with temperatures T < 3 × 104 K
(cold), 3 × 104 K < T < 3 × 105 K (warm), and T > 3 × 105 K (hot) respectively. The
black dotted line is the radius times the z = 1 virial velocity (Vvir) of the halo, defined as
Vvir =
√
GMvir/Rvir as in Chapter 3. The green vertical line highlights the selection radius
of 30 kpc.
To conclude this chapter, we show specific angular momentum “profiles” of the r = 30 kpc
subset. We plot the specific angular momenta and radii of these ≈ 250 tracers at z = 1.248
and z = 0.774 (i.e. the first and last snapshots shown in Figures 5.1 and 5.2) and color the
points by the phase of the gas at that redshift, where we draw a distinction between “warm”
and “hot” gas as being less than and greater than one order of magnitude above 3× 104 K
respectively.
We first note that despite all of the tracers being at 30 kpc at z = 1, they are distributed
throughout the halo both before and after z = 1, and some of them are within the galaxy
itself (r . 10 kpc). Furthermore, the profiles in both panels of Figure 5.3 strongly resemble
profiles made with the entire sample of cold tracers in the CGM. This indicates that kinematic
mixing of gas in the CGM is very efficient. This can be understood by noting that the z = 1
tracers at r = 30 kpc already have a range of ∼ 0.5 dex in specific angular momentum
(3.25 < log(j) < 3.75 km s−1 kpc), meaning a purely radial selection as was done here will
pick out gas with a large variety of evolutionary tracks.
The black dashed line in each panel shows the specific angular momentum at that distance
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assuming a velocity equal to the virial velocity of the halo, ≈ 145 km s−1. Interestingly, both
before and after the tracer selection there is a subset of those tracers which are found on
this line, especially at the later snapshot (right), which corresponds to largely rotationally
supported gas in the galaxy and CGM. This is despite the fact that the selection at z = 1
picks out gas with the entire range of specific angular momentum present at that radius.
In examining the temperature evolution of the tracers, we find that before z = 1, roughly
half of the gas is in a warm or hot phase at or above a radius of 30 kpc with specific angular
momentum below the “virial” line, whereas after z = 1 this warm/hot phase has diminished
in importance while still remaining in the same position. Cold gas, while initially only found
at the galaxy halo interface or in the outer halo, largely ends up distributing itself along the
virial line. This suggests an overall evolutionary picture where cold gas at z = 1 is composed
largely of gas that has relatively recently cooled from a hotter phase, fallen in from the outer
halo, and lost angular momentum (as shown in Figure 5.1) and is now more likely to remain
cold and be supported by rotation than it was before. We note that our sample size of one
halo is not enough to make general statements about the angular momentum evolution of
the CGM, but the preliminary results here already point to a complex and varied origin of
its rotating cold gas which we will continue to explore with TNG subboxes and eventually,
custom-run zoom-in simulations where quantities related to the galactic wind can be studied
in more detail than are possible here.
5.4 Discussion and Future Plans
The work presented in this chapter is a first step towards developing a more compre-
hensive picture of how angular momentum in the CGM evolves. We have shown in a very
specific case that cold rotating structures of CGM gas which are observed can form relatively
quickly and remain relatively stable at higher redshifts. We have further demonstrated that
a time resolution of at least 10 Myr is necessary to capture the angular momentum changes
individual tracer particles can experience at those redshifts. These initial results already
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show promise towards being able to put the z = 1 Mg ii structures seen in Chapter 4 into a
larger context, and they will be improved by increasing the number of halos analyzed in this
manner and incorporating ionization modeling into subbox snapshots to discover observable
signatures of the processes we have begun to examine.
We plan to continue to use the subbox to try to more concretely detect a “baryon cycle”
by combining position, velocity, and temperature information while following tracer particles
through the CGM. In doing so, we hope to build on results from Chapter 2 to more directly
explain the effect of galactic winds on angular momentum evolution in the CGM. We will also
add the metallicity of the gas to our analysis to determine if its angular dependence as seen
in studies like Péroux et al. (2020) can be linked to angular momentum gains and/or losses.
In the future, we will expand the redshift range of analysis to encompass other eras of galaxy
evolution, as well as utilize subboxes from TNG50 to quantify the effect of mass resolution
on these short-timescale kinematics. Finally, we will run a set of Arepo simulations of
individual galaxies to more efficiently study a population of halos focused on MW-masses.
With the intuition developed from the presented and planned analysis from this chapter, we
will be able to focus the simulations on aspects of the tracers relating to the baryon cycle
(e.g. the “wind-counter” used in Chapter 2) which will elucidate the role stellar and AGN
feedback has on short and long-term angular momentum evolution in the CGM.
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Chapter 6: Conclusion
“We understand so much. But the sky behind those lights, mostly void,
partially stars, that sky reminds us: we don’t understand even more.”
— Cecil Palmer, Welcome To Night Vale
The primary goal of this dissertation was to attempt to build a picture of the angular mo-
mentum of CGM gas using state-of-the-art cosmological hydrodynamical simulations which,
for the first time, were able to reproduce observed galactic angular momenta. What these
simulations lacked in mass resolution they made up for in the number of galaxies produced,
thus allowing for statistically significant studies of angular momentum properties of the CGM
to be done. In the following paragraphs, we summarize the main results of these studies,
identify where research efforts are still needed, and describe our future plans in relation to
these efforts.
In Chapter 2, we compared Lagrangian mass elements that made up MW-mass disk
galaxies at z = 0 in the Illustris simulation and in a simulation without feedback and iden-
tified three time periods during which Illustris’ stellar feedback model has different average
effects on the gas. The final of these effects is to halt angular momentum losses right be-
fore gas forms stars within the disk, but the first two are larger and occur in the CGM.
Feedback initially lessens angular momentum losses as gas first travels towards the disk and
then causes angular momentum gains via galactic winds by successively ejecting accreted
gas from the disk into the halo. We therefore showed that feedback mechanisms found to
increase the angular momentum of gas in the CGM of individual systems operate generally
in our much larger sample, thus resulting in galactic disks with realistic values of specific
angular momenta.
In Chapter 3, we characterized the angular momentum distribution and structure within
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the CGM of halos from the TNG100 simulation. We split halo populations at different
redshifts and masses into quartiles based on their galaxies’ specific angular momenta, com-
pared the CGM of the top quartile to the CGM of the bottom quartile, and found that
the angular momentum of the CGM around high-angular momentum galaxies is larger and
better aligned to the galaxy than that of the CGM around low-angular momentum galaxies.
We also identified common structures of cold gas around high-angular momentum galaxies
including a well-aligned high-angular momentum wedge-shaped structure that extends out
to ∼ 1/2 the halos’ virial radii, and a fountain made of net-outflowing cold gas centered on
the galaxies’ minor axes and net-inflowing cold gas centered on their major axes. With this
work we therefore established a very strong connection between the angular momentum of
galaxies and the angular momentum of their CGM.
In Chapter 4, motivated by the cold gas structures we found in TNG100, we compared
the high-resolution TNG50’s CGM to real CGM observations from the MEGAFLOW survey
by generating mock observations along sightlines through TNG50 halos. We focused the
comparison on the Mg ii ion, which traces cold, dense gas. For sightlines near the major axis
of the galaxy, TNG50 has similar Mg ii equivalent widths as a function of impact parameter.
Stacked velocity spectra are quite similar as well and show a strong preference for corotation
with the galaxy. We also measured the angular momentum of the circumgalactic Mg ii gas in
TNG50 and found that it was very similar to that of the CGM as a whole and is larger than
the dark matter halo by ∼ 0.2 dex, meaning observed Mg ii is likely tracing high angular
momentum gas characteristic of the CGM in general.
Finally, in Chapter 5, we reported early results from a detailed analysis of a TNG100
subbox, where gas tracer particles in certain individual halos can be followed at a much
higher time resolution than in any full Illustris or IllustrisTNG box. We selected a halo in
the subbox that was part of a comparison sample in Chapter 4 and followed the cold gas near
the galaxy’s major axis at z = 1 forwards and backwards ≈ 1 Gyr from that redshift. In this
halo, we found the selected gas formed from a majority hot phase that cooled and accreted
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towards the galaxy at a steady rate, and then stayed majority cold and at a constant radius,
all while generally losing angular momentum over time. Individual particles, however, had
angular momenta that increased and decreased by orders of magnitude often over timescales
shorter than the time difference between snapshots of a full Illustris or IllustrisTNG box
(∼ 150 Myr). We also identified a potential connection between angular momentum changes
and temperature changes on short timescales. From these results, it is clear that a smaller
time difference between simulation snapshots will reveal interesting physics when it comes
to angular momentum in the CGM.
Chapters 2 through 4, which have been submitted or published as scientific papers, have
gone a long way towards establishing the extent to which galaxies and their CGM are related
via angular momentum. Many questions still remain however which we plan to address with
future research. From a purely theoretical standpoint, it is still not clear what physical
forces in the CGM drive angular momentum changes and/or transfer. This question will
be a focus of continued analysis of existing subboxes of Illustris and IllustrisTNG which
will be able to resolve these forces exerting their effects. Additionally, we plan to run new
Arepo simulations of individual halos with snapshot separations as low as ∼ 1 Myr at
certain redshifts to more systematically study this topic, and we also plan to perform code
comparisons with Ramses simulations of the CGM to determine how dependent, if at all,
CGM angular momentum evolution is on numerical implementation.
There are also many remaining questions related to observations, especially when it comes
to rotation and angular momentum. For example, are particular gas phases or ions associated
with a particular angular momentum distribution or stage in the CGM’s evolution, and if
so can those differences be detected using quasar sightlines? Furthermore, how long-lived
are the types of CGM structures that are observed in absorption and emission? With the
large number of halos available in cosmological simulations like Illustris and IllustrisTNG it
is possible to follow Lagrangian regions of the CGM associated with a particular ion over
long periods of time to determine how long that ion exists, where it came from and ends up,
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and what stage of angular momentum evolution that gas producing that ion is currently in.
As we pursue this research we plan to expand from solely Mg ii to other higher ions that
trace warmer gas such as C iv and Ovi.
More work beyond what is proposed here will be necessary to study the angular momen-
tum of the CGM in the future. On the theoretical side, properly modeling all of the detailed
structure thought to be in the CGM still requires higher simulation resolutions than have so
far been achieved with cosmological simulations (see e.g., Nelson et al. 2020). Incorporating
physical processes like cosmic rays, which simulations like Illustris and IllustrisTNG do not
include, can also substantially change properties of the CGM, especially for cold gas (e.g.,
Butsky et al. 2021). On the observational side, more absorption line studies are necessary
to provide more opportunities to test results from simulations. Other techniques including
extended emission mapping (e.g. Zabl et al. 2021) and gravitational-arc tomography (e.g.
Tejos et al. 2021) will provide multi-sightline observations with potentially more constrain-
ing power. Tools like Trident will likely need to be developed to include the ability to
generate these more exotic observations using simulated data. With the next generation of
telescopes and instruments including the James Webb Space Telescope (JWST), the Giant
Magellan Telescope (GMT), as well as the BlueMUSE spectrograph (Richard et al. 2019) at
the Very Large Telescope (VLT), it will be also be possible to use normal galaxies in addition
to quasars as background sources for absorption sightlines, thus dramatically increasing the
number and redshift range of CGM sightlines available for analysis.
This dissertation was a concerted effort to ask and answer basic questions about the
angular momentum of the CGM and how it relates to galaxies. As simulations, observations,
and models of the CGM improve and become more sophisticated, it will become more and
more necessary to pose more involved questions about angular momentum in the CGM,
as doing so may provide the connective tissue necessary to tie cosmological evolution and
galactic evolution together in a fundamental way.
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Appendix A: A Correlated Search for Local Dwarf Galaxies
in GALFA-HI and Pan-STARRS
“‘There it is!’ ... that’s what it will sound like when one of you spots it.”
— Toph Beifong, Avatar: The Last Airbender
A.1 Introduction
The Milky Way (MW) environment provides a unique opportunity to study galaxy for-
mation and evolution with its observed dwarf galaxy population. The smallest dwarf galaxies
are the dimmest, and also the most abundant type of galaxy in the local environment. There
have been numerous searches for, and discoveries of, individual ultrafaint dwarfs (UFDs) in
the past decade (e.g., Willman et al. 2005; Belokurov et al. 2006; Zucker et al. 2006; Be-
lokurov et al. 2007; Irwin et al. 2007). More recently, systematic searches of large optical
surveys such as the Sloan Digital Sky Survey (SDSS; Walsh et al. 2009) and the Dark Energy
Survey (Bechtol et al. 2015), as well as radio surveys such as the Galactic Arecibo L-band
Feed Array (GALFA) Survey (Saul et al. 2012) and Arecibo Legacy Fast ALFA (ALFALFA)
Survey (Adams et al. 2013) have yielded even more UFD candidates.
Discoveries of local dwarfs have gone a long way in addressing conflicts between the
MW’s environment and cosmological simulations. For instance, the discrepancy between the
number of MW satellites found observationally and in simulations first identified by Klypin
et al. (1999) – the so-called “missing satellites problem” – has been significantly reduced by
simply detecting more dwarfs (Simon & Geha 2007). Recent simulations have found satellite
populations consistent with current observations (Garrison-Kimmel et al. 2019), but dis-
128
crepancies between the observed MW environment and simulated environments still remain,
especially in the local volume (Klypin et al. 2015). Based on SDSS data there are poten-
tially hundreds of faint satellites that could be revealed by deeper surveys (Tollerud et al.
2008; Hargis et al. 2014). Though folding in data from the Dark Energy Survey lowers that
estimate considerably (Newton et al. 2018), there may still be ∼ 100 undiscovered satellites
that are “missing” simply due to the incompleteness of large sky surveys, a conclusion also
supported by Fritz et al. (2018)’s finding that there should be a population of undiscovered
UFDs at the apocenter, thus illustrating the importance of looking for dwarfs in previously
unsearched regions of the sky.
Many such unsearched regions remain that way due to various observational difficulties.
Areas covered by the Galactic plane are essentially opaque in optical wavelengths, and in
velocity space, Galactic emission dominates at low velocities and complicates spectral follow-
up at all wavelengths. Thus far, searches for dwarf galaxies have focused on observing their
stellar light at high Galactic latitude, thus limiting the area surveyed both spatially and in
distance, and biasing surveys toward those galaxies with significant stellar populations.
Though first detected optically, a UFD called Leo T has been found to have recent star
formation from < 1 Gyr ago and a sizable reservoir of neutral hydrogen gas (HI) (Irwin
et al. 2007; Weisz et al. 2014). Why Leo T even exists is still not clear, as most reionization
models strip dwarfs of this mass of their gas and prevent them from accreting gas after z = 1
which would be necessary for recent star formation (e.g. Ricotti & Gnedin 2005; Ricotti
et al. 2016). However, some models predict dwarfs could exist as gas-rich Leo T-like objects
if they evolved in relative isolation from the MW (Ricotti 2009). Such models thus imply
there are dwarfs that can be detected by observing their gas rather than their stars, which
would allow previously unobservable areas of the sky to be probed. If such dwarfs exist and
have properties similar to Leo T (MHI ∼ 4.1 × 105 M and w50 ∼ 17 km s−1 from Adams
& Oosterloo 2018), they should be detectable with high resolution and sensitivity by HI
surveys within and beyond the Local Group.
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With this motivation in mind, this Chapter attempts to find and catalog new dwarf
galaxy candidates from the full GALFA-HI survey, an HI survey that covers ≈ 1/3 of the
sky at unprecedented spatial and velocity resolution (Peek et al. 2018). We subsequently
correlate the candidates with the optical Pan-STARRS survey to investigate if they have
a detectable stellar population. In Section A.2 we describe the surveys and software used,
and detail our analysis methodologies. In Section A.3 we present a catalog of dwarf galaxy
candidates from our analysis, which includes a very strong candidate galaxy in the Galactic
plane, and in Section A.4 we compare our catalog to other surveys of HI objects. Finally,




The Galactic Arecibo L−band Feed Array HI (GALFA-HI) survey is a high spatial
(4 arcmin) and spectral (0.74 km s−1, smoothed) resolution survey of HI in the MW en-
vironment. It comprises 225 data cubes with 1′ pixels that cover declinations between −1◦
and 38◦ across all right ascensions, and covers velocities from −650 < VLSR < +650 km s−1.
The survey includes a wide range of Galactic latitudes and passes through the plane of the
MW twice. We utilize GALFA-HI DR2 (Peek et al. 2018) for this study as it covers the
complete 32% of the sky with relatively uniform coverage. Peek et al. (2018) quote a median
root mean square (rms) noise of 0.15 K (16 mJy per beam), in a 1 km s−1 channel for DR2.
We note that GALFA-HI DR1 (Peek et al. 2011) is deeper in some areas, but only covers
approximately half the sky area in a nonuniform way. See Saul et al. (2012) for a compact
cloud catalog using the DR1 data and Donovan Meyer et al. (2015) for an investigation of
UV counterparts to these HI candidates.
To correlate objects found in GALFA-HI with optical observations, we require an optical
survey with an overlapping footprint. The Pan-STARRS survey fits this need, as it covers all
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parts of the sky north of −30◦ decl. and thus fully contains the area covered by GALFA-HI.
Pan-STARRS was run using the 1.8 m telescope at the University of Hawaii that mapped
the sky in five optical and infrared bands: g, r, i, z, and y. For further details, see Chambers
et al. (2016).
A.2.2 HI Source Finding
We used the Source Finding Application (SoFiA) developed by Serra et al. (2015) to
search through the entire GALFA-HI DR2 dataset for Leo T-like objects. SoFiA’s user
interface contains many optional input parameters and preprocessing choices. In this section,
we enumerate the steps of our analysis before, during, and after running this program, along
with our rationale.
1. We decided to search for sources only in velocity slices where the average brightness
temperature was < 1 K, to avoid the brightest Galactic emission. For most data cubes
this range was typically ∼ 40 km s−1 wide centered around VLSR = 0 km s−1, but for
some cubes at lower Galactic latitude the range was as high as 175 km s−1 (see Figure
A.1). In addition, we removed the Galactic background emission from each data cube
by applying an unsharp mask to each velocity slice. Without doing this, SoFiA would
often merge discrete HI blobs at low to moderate VLSR with the extended Galactic
emission. After experimenting with various masks and finding no major differences in
the properties of the sources SoFiA detected, we chose a mask radius of r = 30 arcmin.
This radius is both larger than the expected size of a candidate galaxy, and consistent
with the smoothing box size chosen by Saul et al. (2012) for searching the GALFA-HI
DR1 data.
2. When running SoFiA we turned on the noise scaling filter which normalizes the in-
put data cube by the local noise level in each velocity slice, thus preventing faint
sources from being thrown out solely because they were being compared to a less noisy
background. SoFiA measures local RMS noise by defining a box around each source,
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Figure A.1: Distribution of Galactic emission region sizes in km s−1 with an average bright-
ness temperature TB > 1 K for all 225 data cubes, separated into regions of high and low
Galactic latitude (b). We chose 1 K as a compromise between being able to push to lower
velocities and being able to distinguish extended Galactic emission from compact sources.
calculating the median absolute deviation of all pixels within that box that are not
masked as part of the source, and multiplying by 1.4 under the assumption of Gaussian
noise (T. Westmeier 2019, personal communication). The noise level varies across the
sky, largely as a function of Galactic latitude; near the plane (|b| < 15◦), the average
RMS noise level SoFiA calculates near detected sources is 0.21 K, while far from the
plane (b > 70◦) it is 0.16 K.
3. For the source finding itself, we used the “Smooth+Clip” (S+C) finder, which smooths
the data cube with user-inputted Gaussian kernels and then separates pixels that have
a flux greater than some thresholds relative to the noise level. Pixels that were ≤ 1
pixel apart in any dimension were merged into a single source. We chose a 4 pixel
full width at half maximum (FWHM) for each spatial dimension to match the survey
resolution, a 5, 10, 20, and 30 pixel (3.68, 7.36, 14.72, and 22.08 km s−1) FWHM for the
velocity dimension to cover the potential ranges of velocity widths of yet undetected
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Table A.1: Properties of Recently Detected Local Group Galaxies with HI. The Leo T data
are from Adams & Oosterloo (2018), the Leo P data are from McQuinn et al. (2015), and
the Pisces A and B data are from Tollerud et al. (2016).
Parameter Leo T Leo P Pisces A Pisces B
R.A. (J2000) 09h34m53.s4 10h21m45.s1 00h14m46.s0 01h19m11.s7
Decl. (J2000) 17◦03′05′′ 18◦05′17′′ 10◦48′47′′ 11◦07′18′′
l (◦) 214.85 219.65 108.52 133.83
b (◦) 43.66 54.43 −51.03 −51.16
FHI (Jy km s−1) 9.9 1.3 1.2 1.6
MHI (105 M) 4.1 8.1 89 300
M∗ (105 M) 2.0 5.6 100 316
w50 (km s−1) 17 24 23 43
VLSR (km s−1) 34 261 236 611
D (Mpc) 0.42 1.62 5.64 8.89
dwarf galaxies, and a 5σ flux threshold to reduce the probability of detecting too many
spurious sources. If a source was found in any applied smoothing filter, it was then
added to the catalog.
4. Once the source catalog for each cube was compiled, we removed previously known
galaxies and then applied a series of cuts to remove any obviously spurious sources and
tune our source list to most resemble dwarf galaxies. For reference, the properties of
several recently discovered gaseous dwarf galaxies are shown in Table A.1 (the defini-
tions of the rows in the table are given in Section A.3 except forM∗, the stellar mass in
M, and D, the distance to the galaxy in Mpc). We set the minimum and maximum
major axes of the ellipse fitted to the spatial extent of the source (called ell3s_maj in
SoFiA) to 4 and 8 pixels, respectively; the minimum and maximum velocity widths
(w50) to 10 and 50 km s−1, respectively; the maximum axis ratio of the source to 1.5;
and the minimum integrated signal-to-noise ratio to 20.
At the end of this process we were left with ∼ 1000 HI sources. We did a final pruning
of this source list by examining the moment maps and velocity spectra of each source by
eye, and removing as candidates only those that were obviously artifacts or very close to
the edge of their cube and were not already removed by the previous data cuts, or had
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irregular velocity spectra at high |VLSR|. This process resulted in a final list of 690 objects,
the beginning of which is shown in Table A.2. The entire list is provided in the online journal.
A.2.3 Optical Correlation
We developed and tuned an algorithm to recognize the stellar population of Leo T and
other local dwarf galaxies from Pan-STARRS data, and then applied it to our HI candidates.
The algorithm works as follows.
1. We draw a model population from a stellar isochrone of a given age and metallicity,
downloaded from the CMD input form1 (Bressan et al. 2012; Chen et al. 2014b, 2015;
Tang et al. 2014). We chose from isochrones with ages of 0.5, 2, 5, and 10 Gyr and
metallicities of [Fe/H] = −1, −1.5, and −2 to account for the large range of stellar
properties of dwarfs.
2. We assign magnitudes to the model population by linearly interpolating the magnitudes
and integrated IMF parameters of its isochrone, and then place it at a range of possible
distances.
3. We assign magnitude and color errors based on the uncertainties provided by Pan-
STARRS in the area around the source.
4. We compute the detection probability of the stars as a function of magnitude by binning
the stars in the relevant Pan-STARRS field and fitting a power law. We then apply
this detection probability to the model population.
5. We then compute the fraction of the model population that is within 1σ of a real star
on both the magnitude and color axes.
6. To report a detection, we require a significant peak in the overlapping fraction as a
function of distance relative to a nearby control field.
1http://stev.oapd.inaf.it/cgi-bin/cmd
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[Fe/H] = − 2.0
[Fe/H] = − 1.5
[Fe/H] = − 1.0
Figure A.2: Fractions of model stellar populations that overlap with real stars in the Pan-
STARRS field for Leo T, which is at a distance of ∼ 420 kpc (left), and for the average
of four control fields 10 and 20 arcmin away on either side of Leo T at the same Galactic
latitude (right). Solid and dashed lines are 10 and 5 Gyr isochrones, respectively.
We tested this method on the resolved stellar population of the Draco Dwarf galaxy and easily
recovered a distance within 10% of its measured distance of 76 kpc (McConnachie 2012). We
were also able to detect Leo T with this method (Figure A.2), though the measured distance
is not very accurate. Of the three metallicities, the peak of the lowest metallicity isochrones
(red lines) is closest to Leo T’s known distance (420 kpc), but the width is large. This
indicates that Leo T’s distance is already approaching our algorithm’s detection limit when
used with Pan-STARRS and that beyond that limit, further analysis would be required to
confidently identify a stellar population.
In addition to fitting to stellar isochrones, we also visually inspected Pan-STARRS images
at each source’s coordinates to identify any potential signs of a galaxy, because a galaxy’s
stars may be resolved or unresolved depending on its distance. We obtained uniformly
scaled images by combining the y, i, and g filters downloaded from the image cutout server2
with Astropy’s make_lupton_rgb function (Astropy Collaboration et al. 2018) to detect any
potential stellar populations, which would show up as diffuse blue light. Figure A.3 shows
a successful detection of Leo P using this method at a distance of 1.6 Mpc (McQuinn et al.
2015). Pan-STARRS also reveals the HI discovered galaxies Pisces A and B at 5.6 and
2https://ps1images.stsci.edu/cgi-bin/ps1cutouts
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Figure A.3: Leo P in Pan-STARRS (left) at a distance of 1.6 Mpc which represents what
we would identify as a successful detection of diffuse blue light, compared to a nearby field
without a galaxy (right). Both images are 2 arcmin across.
8.9 Mpc (Tollerud et al. 2016), respectively, as diffuse blue light; however, the quality of the
images varies for individual sources. Leo T’s stellar population does not appear as diffuse
light because it is much closer and resolved.
A.3 Results
A.3.1 Catalog and Sample Properties
There are 690 HI galaxy candidates that were also inspected for an optical component
with Pan-STARRS. The first 10 candidates are shown in Table A.2; the entire table can be
found in the online journal. The table properties are as follows.
1. (Source ID) A string containing (1) the Galactic longitude, (2) the Galactic latitude
(both in degrees), and (3) the VLSR velocity in km s−1.
2. (R.A. and Decl.) The R.A. (hours, minutes, and seconds) and decl. (degrees, arcmin-
utes, and arcseconds) in J2000 coordinates of the source’s flux-weighted center (in other
136
Table A.2: Partial source list sorted by increasing Galactic longitude. Uncertainty estimates
for each column are given in Section A.3.1.
Source ID R.A. Decl. Size S/N Fint TB w50 VLSR
(l + b+ VLSR) (h:m:s) (◦:′:′′) (arcmin) (Jy km s−1) (K) (km s−1) (km s−1)
000.12+75.05−034 13:44:18 18:25:34 5.0 44 0.83 0.59 18 −34
000.68+72.41−029 13:53:26 16:55:19 4.2 36 0.64 0.5 18 −29
001.51+59.47+015 14:35:36 09:02:07 5.0 40 1.31 1.03 20 15
002.70+70.81−035 14:00:19 16:27:45 5.2 64 1.41 0.81 12 −35
003.89+68.38−062 14:09:29 15:21:07 7.3 80 3.14 0.98 14 −62
004.01+54.40−050 14:54:58 06:54:13 6.1 69 3.17 1.05 21 −50
004.27+57.23−059 14:46:19 08:46:05 5.8 51 1.61 1.0 13 −59
004.43+41.74−050 15:35:23 −00:45:48 5.5 70 1.98 0.75 15 −50
004.46+58.24−068 14:43:19 09:27:47 4.8 38 0.93 0.83 12 −68
006.80+58.39−028 14:45:50 10:32:03 4.6 35 0.75 0.58 11 −28
words, the “center of flux” of all pixels defined to be part of the source). Previous work
in the ALFALFA group has found the HI positions to be accurate to within 30 arcsec
(Kent et al. 2008).
3. (Size) The major axis of the ellipse in arcmin fitted to all pixels in the source that are
≥ 3σ above the local noise level (called ell3s_maj in SoFiA). Every such pixel is given
equal weight in this calculation.
4. (S/N) The signal-to-noise ratio integrated over the entire velocity spectrum.
5. (Fint) The flux of the source integrated over the entire velocity spectrum in Jy km s−1.
This was converted from the extracted SoFiA values in units of K channel using the
following factor: Fint [Jy km s
−1]
Fint [K channel] =
2kBθ2
λ221
cos(δ) × 0.74 km s−1channel × 10
23, where θ = 1 arcmin
in radians, λ21 = 21.106 cm, and δ is the source’s decl.
6. (TB) The peak brightness temperature in K (called f_peak, the peak flux density in
SoFiA).
7. (w50) The line width at 50% of the peak flux density of the source in km s−1.
8. (VLSR) The local standard of rest velocity at the source’s flux-weighted center in km s−1.












































Figure A.4: Top: R.A. and Decl. positions of each source. The regions within the dashed
black lines correspond to the Galactic plane in between latitudes −15◦ and 15◦. Bottom:
local standard of rest velocity in km s−1 vs. R.A. for each source. Points are colored by their
local RMS values calculated by SoFiA. The outlined square is the local volume candidate
described in Section A.3.4.
are present over the entire DR2 field roughly uniformly, with a noticeable gap near R.A.
≈ 180◦ corresponding to the North Galactic Pole. Sources are also present over a wide
range of Galactic latitudes, notably including close to the Galactic plane (|b| . 15◦). The
variation of the local noise calculated by SoFiA when searching the data is clearly dependent
on Galactic latitude (lower latitudes have systematically higher RMS values) which affects
the detection limit, as discussed below. However, the distribution of the HI sources across
position and velocity space shows that the noise variation is not significantly dependent on
velocity. A majority (≈ 75%) of sources have |VLSR| < 100 km s−1, and we see structure at
VLSR < −200 km s−1 most likely associated with the Magellanic Stream.
Figure A.5 shows a series of properties of our detected sources. The top panel demon-
strates that we are detecting objects within our desired angular size range roughly uniformly,
with a slight bias to smaller objects. At a distance of 500 kpc, these sizes correspond to di-
ameters of 0.6− 1.2 kpc. The upper middle panel shows that our upper limit on the velocity
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Figure A.5: Distributions of angular size (top) in arcmin, velocity width (upper middle) in
km s−1, local standard of rest velocity (lower middle) in km s−1, and integrated flux (bottom)
in Jy km s−1. The dashed line in the bottom panel is the estimated turnover of the flux
distribution at 1.4 Jy km s−1.
width of 50 km s−1 was conservative; nearly all sources have a velocity width < 20 km s−1.
The plot also implies that the population would continue to lower velocity widths if we did
not apply a cut at w50 = 10 km s−1. In examining the velocity distribution (lower mid-
dle panel) we find that there is an overall bias toward objects with negative velocities; the
median value of VLSR is −46 km s−1.
Fluxes range from 0.5 to 15.6 Jy km s−1, and we show the distribution of fluxes in the
bottom panel of Figure A.5. The flux distribution turns over at 1.4 Jy km s−1, but we note
that the variability of the RMS values shown in Figure A.4 implies that this turnover is not
constant across the entire GALFA-HI field. At lower Galactic latitudes, the mean noise level
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is ≈ 10% higher than the noise level outside of the plane. There are also known to be sources
at lower fluxes than we detected in DR2 (see Saul et al. 2012 and Figure A.7).
We estimated errors on the properties derived by SoFiA using injected sources, described
in Section A.3.2. Position uncertainties were on the order of 15 arcsec (negligible compared
to the beam size), and velocity uncertainties were on the order of 1 km s−1, or roughly 1-2
channel spacings. Fractional uncertainties were 2 − 8% for size measurements, 5 − 10% for
w50 measurements, and 10− 20% for all other reported parameters, depending on both the
distance and the velocity the injected sources were placed at. Sources at larger distances
and lower velocities had higher fractional uncertainties by as much as a factor of 3.
A.3.2 HI Detection Limits
We measure the value of the turnover in the flux distribution to be 1.4 Jy km s−1. We





Mpc for an object
with an HI-mass (MHI) in solar masses. For an object with an HI-mass comparable to Leo
T, this distance is ∼ 1.15 Mpc. If we compute Dmax for the galaxies in Table A.1, we find
that Pisces A, B, and Leo P are all very close to their edge of detectability, and only Leo
T itself is comfortably detectable. SoFiA was indeed easily able to find Leo T in the DR2
data, but it was unable to find Pisces A, Pisces B, or Leo P. However, we were able to find
Pisces A in the DR2 data cube by manually applying smoothing filters.
Due to the inherent variability of backgrounds and foregrounds across the field, we ran
further tests to better quantify our estimated detection limits. We injected 3D Gaussian
sources3 meant to replicate Leo T’s accepted size and velocity width as found in Adams &
Oosterloo (2018) (which are also consistent with the SoFiA-derived size and velocity width
of 6.1 arcmin and 15 km s−1, respectively) into each cube with a peak flux corresponding to
Leo T’s actual distance (0.42 Mpc) at three different velocities: high velocity (250 km s−1),
a low velocity defined as 15 km s−1 greater than the boundary of the searched region defined
3Leo T’s actual HI profiles are not exactly Gaussian (Adams & Oosterloo 2018) so this assumption does
lead to differences from Leo T’s accepted mass and flux by as much as a factor of 2.
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Table A.3: Detection Fraction of Sources Injected at or beyond a Distance of 500 kpc. The
HI mass of Leo T is 4.1× 105 M.
Mass (Leo T) Distance (Mpc) High-v Low-v Leo T-v
1 0.5 100% 76% 69%
1 0.75 99% 40% 45%
1 1 86% 11% 18%
2 1 100% 46% 50%
3 1 100% 68% 63%
10 1 100% 83% 76%
in Section A.2.2, and Leo T’s velocity (from Table A.1). For the purpose of this test, we
defined a successful detection to be one where SoFiA pulled out the injected source at its
given velocity (within 15 km s−1), position (within 5 arcmin), and derived a velocity width
and size within our cuts used in Section A.2.2. We recovered every injected source at high
velocities, where Galactic emission is the weakest, and nearly every source at low velocities
and Leo T velocities (97% and 82% respectively), the latter of which is lower because Leo
T’s velocity is often within the region of average Galactic emission > 1K which we purposely
ignored. Nevertheless, we can confidently say that SoFiA would successfully detect Leo T
at its actual distance in the vast majority of our search area.
We next wanted to determine how accurate our detection limit of Leo T-like objects was,
based on our observed flux distribution. To do this, we performed the same procedure as
before with two alterations; we scaled the peak flux of the injected source to a larger distance
(from 0.5 to 1 Mpc) and we reduced the size of the injected source to better correspond to
a more distant galaxy. At high velocities, the detection fraction dropped to its lowest value
of 86% at 1 Mpc, but the difference at low and Leo T velocities is much more drastic, as
shown in the first three rows of Table A.3 (with Mass = 1 Leo T). Note, however, that a
typical local group galaxy that is 1 Mpc away has a velocity closer to our high-velocity case
than either of the lower-velocity cases. In other words, the region of distance-velocity space
where our detection fraction is lowest also probably contains the smallest number of dwarf
galaxies. We also tried reducing the injected sources’ size, which results in a ∼ 10% drop
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in the detection fraction at lower velocities compared to the same test without changing the
size, meaning the dominant reason for the overall drop is the reduction in flux caused by
increasing distance. In the bottom three rows of Table A.3 we inject sources with successively
larger multiples of Leo T’s mass to determine how complete we are out to 1 Mpc. We note
that we would detect ≈ 50% of galaxies at lower velocities with only 2 times Leo T’s mass,
and ≈ 66% of those with 3 times Leo T’s mass.4
The last row of 10 times Leo T’s mass is an exception to the previous rows in that the
size and w50 cuts we apply are the dominant cause for reduction in recovered sources in
regions significantly contaminated by Galactic emission at low velocities. Without the size
and w50 cuts, the detection fractions are all > 92%. The higher level of background noise at
low latitude causes SoFiA to chop off the outer regions of the object in its size calculation.
Therefore our size cut may lead us to miss some dwarf galaxies with a range of HI masses
at low latitudes and velocities.
A.3.3 Optical Results
Using the algorithm defined in Section A.2.3 we also attempted to find optical counter-
parts for all of our sources. The vast majority of overlapping fractions were no larger than
those of nearby control fields, and the few that were larger were not at all comparable to
the values seen in the left panel of Figure A.2, indicating no resolvable stellar populations.
We note that Leo T is already close to the edge of detectability in Pan-STARRS and it
is only ≈ 400 kpc away, so it is not necessarily surprising we were unable to see a stellar
population in any of our HI sources of potentially comparable HI-masses out to 1 Mpc. We
also checked the Pan-STARRS fields visually, as described in Section A.2.3, and found two
potential sources with diffuse blue light (see Appendix), but otherwise nothing that indicated
an unresolved stellar population similar to Leo P shown in Figure A.3.
4At 4 times Leo T’s mass we naturally recover the same detection fractions as the first row of Table A.3,
because multiplying the mass of the third row by 4 is equivalent to halving the third row’s distance in terms
of HI flux.
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Table A.4: HI properties of Local Volume candidate shown in Figure A.6.
Parameter LV Candidate





Fint (Jy km s−1) 4.97
TB (K) 1.44
w50 (km s−1) 49
VLSR (km s−1) 358
A.3.4 Local Volume Candidate
In Table A.4 we show the properties of a particularly unusual galaxy candidate that is
very close to the Galactic plane (b = −8◦) in the constellation Vulpecula. It is an outlier in
our sample in many respects. As evident in Figure A.4, it has the largest positive value of
VLSR, and is the only object in our sample with VLSR > 300 km s−1. It has a much larger
signal-to-noise ratio than the typical value of ≈ 65 for our source list. Its velocity width is
just below our cutoff at 50 km s−1 and at the tail end of the distribution of velocity widths
which has a mean of ≈ 15 km s−1 (see Figure A.5). We also note that it is in an area of the
sky not covered by DR1 or ALFALFA. Figure A.6, a velocity moment map of this source,
shows evidence for a velocity gradient. Follow-up optical imaging suggests a faint optical
counterpart, to be detailed in a forthcoming paper.
A.4 Comparison to Other Catalogs
We find broad consistencies in the properties of our sources compared to the Compact
Cloud Catalog based on GALFA-HI’s DR1 data (Saul et al. 2012) and objects in the AL-
FALFA survey (Haynes et al. 2018) categorized as high velocity clouds (HVCs). For com-
parison to the ALFALFA catalog we used the α − 100 complete catalog available on their





























Figure A.6: HI velocity map of the local volume candidate in (R.A., decl.) coordinates.
Surrounding (unconnected) pixels have been masked out. The dashed line is Galactic latitude
b = −8.13◦.
cluded in Haynes et al. (2018). We found sources in common between the surveys distributed
uniformly across all areas of overlap on the sky. For a match, we required the difference in
both R.A. and decl. to be < 5 arcmin, and the difference in the center of the velocity
spectrum to be < 15 km s−1. We do not recover all sources from Saul et al. (2012) or
ALFALFA (68 matching objects in the former, 47 matching objects in the latter) due to dif-
fering search parameter choices and catalog methods, survey depths, and ALFALFA’s lower
velocity resolution. Our sky-coverage also for the first time includes the Galactic plane.
Comparisons of the same distributions in Figure A.5 for the compact cloud and ALFALFA
catalogs are shown in Figure A.7. Our velocity width distribution (top panel) does not extend
over the same range as Saul et al. (2012)’s because we cut off sources with w50 < 10 km s−1
and applied different masks when searching the data to focus on potential galaxy sources over
clouds. Our sources extend over the velocity widths of both the cold (∆V < 15 km s−1) and
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102 Compact Cloud Catalog


























Figure A.7: Distributions of velocity width (top) in km s−1, local standard of rest velocity
(middle) in km s−1, and integrated flux (bottom) in Jy km s−1 for our sources (solid blue),
the Compact Cloud Catalog (dotted orange), and HVCs from ALFALFA (dashed green).
The dashed black line in the bottom panel is the estimated turnover of our flux distribution
at 1.4 Jy km s−1, the same as in Figure A.5.
warm (∆V > 15 km s−1) clouds defined by Saul et al. (2012). The difference between our
catalog and the ALFALFA distribution also comes partially from the search masks we apply,
but at the lower width end it is due to ALFALFA’s much larger channel spacing of 5 km s−1.
Our sources have central velocities (middle panel) that follow the distribution of Saul et al.
(2012) very closely and have the same median VLSR ≈ −50 km s−1. The ALFALFA HVCs
have more negative velocities (median VLSR ≈ −300 km s−1) most likely due to their catalog
capturing many large clouds, such as those associated with the Magellanic system.
Saul et al. (2012)’s flux distribution is essentially identical to ours down to 1.4 Jy km s−1,
though it continues to nearly two orders of magnitude fainter in flux. This is to be expected
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Figure A.8: Left: HI-mass in M vs. velocity width (w50) in km s−1. The blue and orange
points are our candidate sources and objects in the Compact Cloud Catalog, respectively.
They are all placed at a constant distance (1 Mpc) to derive an HI-mass. The dashed line is
the HI-mass corresponding to a flux of 1.4 Jy km s−1, also at 1 Mpc. Right: local standard
of rest velocity in km s−1 vs. w50 for our sources. Also shown in both panels are the four
galaxies in Table A.1, and our local volume candidate placed at a possible distance of 1 and
5 Mpc.
The ALFALFA catalog has a similar turnover but includes many more sources at higher
fluxes, again due to the lack of size or velocity width cuts.
In Figure A.8, we directly compare properties of our candidates, the Compact Cloud
Catalog, and the four reference dwarf galaxies from Table A.1. The left panel shows the
HI-masses of our candidates and objects in the Compact Cloud Catalog all placed at 1 Mpc.
We see that both Leo T and Leo P have comparable HI-masses compared to the derived
masses of our candidates if placed at 1 Mpc. Though the right panel implies dwarf galaxies
are more likely to have large positive values of VLSR, Leo T’s existence demonstrates that
local dwarfs can also have low velocities.
A.5 Discussion
A.5.1 Local Volume Candidate
There is an observed dearth of MW satellites and local group galaxies at low Galactic
latitudes (see Figure 1 of McConnachie 2012), presumably due to the difficulties of detecting
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anything in the crowded Galactic plane. If confirmed, our local volume candidate would
begin to fill in the spatial distribution of nearby dwarf galaxies in regions the Galactic plane
obscures. Using the galaxy candidate’s measured integrated flux, we calculate it to have





× 106 M, where D is its as yet undetermined distance. It has
a velocity width similar to Pisces B, which was also first discovered in GALFA data, and
if it also has a similar HI-mass, its HI-flux would place it at a distance of ≈ 5 Mpc (see
Figure A.8). This is also very close to the distance we derive assuming the candidate is in
the Hubble flow (D = VLSR/H0, where H0 = 70 km s−1 Mpc−1). Using an estimate of the
dynamical mass, Mdyn = 6.2× 103aW 250d (Equation (8) from Adams et al. 2013), where a is
the angular diameter in arcmin, W50 is the velocity width in km s−1, and d is the distance





×107 M. If D = 5 Mpc,
we derive an HI-mass-to-total mass ratio of 0.1. We defer further analysis of this object’s
physical properties to a future paper with optical follow-up, which will in particular allow
us to measure its distance. However, we speculate here that it is very unlikely our candidate
is as close as Leo T due to its large velocity, which is inconsistent with other known galaxies
in the local group (McConnachie 2012), and the absence of a Leo T-like optical image from
Pan-STARRS: thus, it is probably not a true Leo T analog.
A.5.2 Dwarf Galaxy Limits
We discuss our limits on dwarf galaxy candidates in two regimes: a galactocentric distance
< 500 kpc and a galactocentric distance > 500 kpc. We can place our strongest constraints
on the existence of Leo T-like objects in the first regime, where both gas from GALFA-
HI and resolved stellar populations in Pan-STARRS are detectable (see Section A.2). The
fact that we do not see stellar populations in any of our candidates shows that there are
no other Leo T-like objects closer than 500 kpc within the GALFA-HI footprint, except
possibly near the Galactic plane (where the stellar population would be indistinguishable
from foreground stars) or near VLSR = 0 km s−1 (where we did not search to avoid bright
147
Galactic emission). This nondetection is not completely surprising, as ram pressure stripping
and other mechanisms near the MW (at ∼ 250 kpc) are expected to deplete the gas in dwarfs
that reside there (Grcevich & Putman 2009; Nichols & Bland-Hawthorn 2011; Spekkens
et al. 2014; Emerick et al. 2016). Nevertheless, there remains a volume of ≈ 0.17 Mpc3
(the GALFA-HI sky out to 500 kpc) where we detect no additional Leo T-like objects. Our
nondetection within this distance is consistent with a reionization epoch during which gas
is removed from dwarf galaxies in the local group with halo masses . 108.5 M (Tollerud
& Peek 2018). In summary, an object like Leo T appears to be a rarity < 500 kpc from
the MW in the GALFA-HI footprint (which covers one-third of the sky), rather than one of
many such objects.
At distances > 500 kpc, we are unable to detect resolved stellar populations in Pan-
STARRS, and our ability to detect Leo T-mass objects is significantly reduced at lower
velocities. We can detect Leo T-like objects in HI at high velocities clear of background
emission at 1 Mpc, but we only have that same level of completeness at low velocities for
sources with 10 times Leo T’s mass at 1 Mpc. More distant objects with larger stellar
populations than Leo T can be detected as diffuse blue light in Pan-STARRS (e.g. as Leo
P appears in Figure A.3), and we inspected the data for these optical sources. Though we
have not quantified the distance range and stellar population detectable as diffuse blue light
in Pan-STARRS, the lack of any visual detections is consistent with all of our candidates’
stellar masses being less than Leo P’s stellar mass of 5.6×105 M at a distance of 1.62 Mpc.
Therefore, despite the fact that many of our candidates would be comparable in HI-mass to
Leo P at distances & 1 Mpc (see Figure A.8), the general lack of diffuse blue light is not
encouraging that a large number of these are new galaxies. It also remains possible that
some of our candidates are dark matter halos that just contain HI, as gas-rich minihalos
without stars are predicted to exist around the MW (Ricotti 2009).
If we consider our results in the context of the missing satellites problem (Klypin et al.
1999) as well as more recent galaxy count mismatches in the local field (Klypin et al. 2015), we
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Figure A.9: Velocity width vs. local standard of rest velocity for SoFiA candidates and Com-
pact Cloud Catalog objects, the latter of which is separated into HVCs which are near known
complexes and have |VLSR| > 90 km s−1, galaxy candidates (GCs) not near known com-
plexes with |VLSR| > 90 km s−1, cold low-velocity clouds (CLVCs) with |VLSR| < 90 km s−1
and w50 < 15 km s−1, warm low-velocity clouds (WLVCs) with |VLSR| < 90 km s−1 and
w50 > 15 km s−1, and Q3 WLVCs with 0 < VLSR < 90 km s−1, w50 > 15 km s−1, and
180◦ < l < 270◦.
see that they support a model of strong and effective reionization that limits star formation
in satellites at later times. However, the precise mechanism that operates during reionization
is not yet clear. Both Brown et al. (2014) and Tollerud & Peek (2018) invoke reionization
from massive stars in early galaxies to explain the current population of local dwarfs; the
former by measuring ancient stellar populations, and the latter by setting a halo mass at
which a dwarf cannot retain gas. Our lack of detections of Leo T-like objects strengthens
this interpretation. We note though that when looking directly at star-formation histories,
Weisz et al. (2014) could not conclusively determine the effect reionization had, if any, on
local dwarfs, meaning more observations are necessary to be able to distinguish between
reionization models.
Finally, we consider what other classifications for our HI sources are possible besides
small galaxies. In Figure A.9, we compare our candidates to objects in the Compact Cloud
Catalog of Saul et al. (2012). For the 68 matches between the two, we see a strong overlap
between different types of clouds; our candidate list contains objects that overlap all types
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of HI sources identified in Saul et al. (2012), including high-velocity clouds, cold and warm
low-velocity clouds, and galaxy candidates far from known HI complexes. Therefore, a
plausible scenario is that most of these HI sources are a heterogeneous mixture of nearby
MW structures. However, we note that it is possible that galaxies sitting at the outskirts of
the local group may have small velocities (like Leo T) and could have been identified as a
low-velocity cloud in Saul et al. (2012).
A.6 Summary
Using Data Release 2 of GALFA-HI we performed a search for new local dwarf galaxies.
We found 690 candidates, among which is an extremely promising candidate in the Galactic
plane that is likely within the local volume at VLSR = 358 km s−1. We quantified our
completeness by injecting Leo T-like sources into each GALFA-HI data cube and measuring
the fraction of sources detected by SoFiA. We found we were complete out to 1 Mpc at
high velocities and out to Leo T’s distance at low velocities for Leo T-like dwarfs. We
searched Pan-STARRS for resolved stellar populations and found none comparable to Leo
T’s, thus ruling out the existence of other Leo T-like dwarfs within the GALFA-HI footprint
at distances < 500 kpc, except possibly at the lowest Galactic latitudes and local standard
of rest velocities. We also searched for unresolved stellar populations manifesting as diffuse
blue light in Pan-STARRS images, but again found no evidence of any, which limits the
number of more massive dwarfs in the vicinity of the local group. We conclude that our
results are consistent with strong reionization effects on the evolution of dwarf galaxies.
Finally, we highlight some of our strongest candidates for potential follow-up observations
in the Appendix.
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Table A.5: Promising Candidates to Target for Potential Follow-up Observations, Sorted by
Increasing Galactic Longitude.
# Source ID R.A. Decl. Size S/N Fint TB w50 VLSR
(l + b+ VLSR) (h:m:s) (◦:′:′′) (arcmin) (Jy km s−1) (K) (km s−1) (km s−1)
1 024.86+24.05+068 17:11:31 04:06:42 5.2 57 2.16 0.91 26 68
2 041.87−14.92+103 20:00:41 00:55:55 7.2 104 6.32 1.68 36 103
3 046.10−09.25+082 19:48:46 07:17:17 6.1 82 3.78 0.99 27 82
4 047.56+27.33−043 17:32:58 24:08:54 6.5 80 2.39 0.89 31 −43
5 050.68−19.13−026 20:32:08 06:08:02 6.6 60 2.62 1.05 31 −26
6 052.97+33.93−041 17:10:32 30:29:55 5.8 58 1.25 1.02 30 −41
7 063.19+22.95−032 18:12:46 36:12:26 6.0 71 2.59 0.91 26 −32
8 063.94+24.91−045 18:04:25 37:26:22 4.1 43 0.93 0.88 24 −45
9 073.70−11.75−059 21:01:30 28:25:59 5.4 56 1.8 0.93 25 −59
10 083.17−44.66−047 23:01:32 09:33:36 7.4 87 4.61 1.06 36 −47
11 B084.85−40.49−351 22:55:57 13:41:39 4.1 45 0.97 0.88 15 −351
12 085.14−55.33−212 23:29:48 01:26:26 6.2 94 4.17 1.05 24 −212
13 092.06−40.55−341 23:15:28 16:30:01 7.2 96 3.62 0.85 23 −341
14 B110.15−29.23−069 23:58:36 32:19:32 6.1 46 1.27 0.88 18 −69
15 154.71−36.35−269 02:38:37 19:49:10 6.6 81 2.82 0.71 23 −269
16 155.71−46.33−349 02:20:54 10:45:56 6.7 70 3.33 1.18 28 −349
17 197.33+00.91−046 06:25:43 14:16:26 4.8 119 6.34 1.9 25 −46
18 201.91−01.75−050 06:24:51 08:59:15 6.5 109 5.2 1.13 23 −50
19 216.76+26.13+100 08:31:45 08:28:54 5.7 64 2.33 0.84 28 100
20 218.47+25.07+104 08:30:43 06:37:48 6.1 61 2.53 0.79 28 104
21 218.81+15.33+089 07:56:36 01:52:08 7.7 91 4.79 1.1 26 89
22 239.80+69.44+043 11:35:06 16:35:54 5.5 63 1.29 0.47 30 43
23 291.07+62.01+024 12:29:17 −00:20:50 7.4 87 5.2 1.28 30 24
24 V 299.01+68.15+269 12:45:35 05:19:27 6.1 50 1.79 0.7 20 269
25 307.78+71.61+131 12:57:37 08:47:58 7.6 112 6.36 1.41 26 131
Science Foundation under grant No. AST-1410800.
Software: This research made use of Astropy, a community-developed core Python pack-
age for Astronomy (Astropy Collaboration et al. 2018), the open-source software tools
Numpy, Matplotlib, and IPython (Hunter 2007; Perez & Granger 2007; van der Walt et al.
2011), and the SoFiA source finding pipeline (Serra et al. 2015).
A.7 Appendix
Table A.5 lists the most promising candidates in our catalog for potential follow-up based
on their HI and/or optical properties. The sources marked with a B are potentially associated
with diffuse blue light offset from the center of the HI source by . 3 arcmin. The source
marked with a V is isolated in velocity space as the only source other than the Local Volume
candidate with VLSR > 200 km s−1. All of the other sources have velocity widths larger than





















































20 15 10 5 0 5 10 15 20
V−VLSR [km/s]
Figure A.10: HI velocity maps of the sources in Table A.5 in (R.A., decl.) coordinates. Red
and blue colors correspond to velocities greater than and less than the systemic velocity,
respectively. The numbers in the top left corners match with the entries in the first column
of Table A.5. The quantities in the bottom left corners are the corresponding velocity widths
(w50). The vertical black lines are each 5 arcmin long.
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